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Preface

This guideline was developed as an aid to help in the understanding of
Microelectromechanical Systems (MEMS) reliability and to facilitate the insertion of this
technology into high reliability applications. Modeled after the GaAs MMIC Reliability
Assurance Guideline for Space Applications by Kayali et al., it was felt that a guideline
would be more advantageous to people than a strict specification. With the MEMS
industry as diverse as it is today, it seemed presumptuous to lay out specific tests for
every MEMS device inserted into space as that kind of document would be unduly
constrictive to some applications. Rather this document was intended as a MEMS
educational guide, offering descriptions of the most common devices and technologies
and the steps required to meet the demands of the space environment.

The focus of this guide is upon methods rather than tests and as such, it is
assumed that the ultimate responsibility for reliability lies in the hands of the user.
Ultimately it is felt that the designers and the customers will have to reach an
understanding as to the exact qualification needs of a particular device.

The guideline begins with a chapter on the recent developments in the field of
MEMS and the need for an understanding of related reliability issues. Chapter 2 offers a
basic review of reliability models and of semiconductor failure distributions. This
chapter is intended to aid the reader in understanding the meaning of reliability tests in
general, and how they may apply to MEMS.

Chapter 3 describes the known failure mechanisms that have been characterized
in MEMS technology. While the bulk of the chapter is dedicated to mechanical fracture,
it must be understood that each failure mechanism will have a different level of
predominance on different devices. Chapter 4 describes the basic material properties of
common MEMS materials and relates these to the theory presented in Chapter 3.

Chapter 5 provides a description of common MEMS processing techniques. Both
the discrete steps used to make the devices and the combination of those steps into a
coherent process are discussed. A description of common MEMS device elements is
presented in Chapter 6, along with relevant reliability concerns.

Chapter 7 discusses methods for modeling structure using finite element analysis.
Chapter 8 involves reliability issues in packaging. Chapter 9 describes common test
structures used to characterize the materials properties and structures discussed in
Chapters 3 and 6.

Finally Chapter 10 offers a summary of the ways to use the information from the
previous chapters to develop a reliable, space qualified, MEMS device. The information
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in this document is only a compilation of much deeper works and it is felt that users of
this guideline should reference other documents listed throughout this guideline in the
process of furthering MEMS reliability.

[ would also like to thank the people involved in the production of this document.
Sammy Kayali provided both technical advice and moral support throughout the arduous
process of writing this guideline. Joseph Bernstein helped in the organization of the
guideline and helped me to understand the material in Chapter 2. Bill Tang of the Micro
Devices Laboratory at JPL gave great help in the processing area and lent his general
expertise to improving the quality of the guideline. Dave Gerke, the resident packaging
expert at JPL, was instrumental in producing the material on packaging issues in MEMS.
Jim Newell and Kin Man in the Engineering Technology section at JPL provided
invaluable modeling and dynamic testing material for the guideline. Finally, Thomas
Kenny proofread the document and provided valuable feedback in the editing phase.

I would also like to acknowledge those people that did not contribute to the
document itself, but who helped to make it possible through their encouragement.
Russell Lawton, as the PI for MEMS Reliability at JPL, procured the funding for this
document and acquired many of the images contained herein. Noel MacDonald, an
electrical engineering professor at Cornell, provided the academic encouragement to
enter into this emerging field and, without his teaching, this document would never have
been produced. Norman Tien, also an electrical engineering professor at Cornell, helped
by explaining some complicated issues in the field of surface micromachining. Rishi
Khanna, Valdis Rigdon, and Dipak Srinivasan, also of Comell, provided the incentive to
start writing this document back in December of 1996. Greg Radighieri of Texas A&M
also helped through his input and valuable insight into mechanical engineering issues.

Brian Stark
August 1998
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Abstract

This guide is a reference for understanding the various aspects of
microelectromechanical systems, or MEMS, with an emphasis on device reliability.
Material properties, failure mechanisms, processing techniques, device structures, and
packaging techniques common to MEMS are addressed in detail. Design and
qualification methodologies provide the reader with the means to develop suitable
qualification plans for the insertion of MEMS into the space environment.
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Chapter 1: Introduction
B. Stark and W. C. Tang

This chapter offers a brief description of the MEMS industry as it stands today.
Assuming no familiarity with the subject matter, it explains the basic concepts behind
MEMS and how they are being applied to meet current technological challenges in
different markets. This chapter also describes the basic methodology that will be applied
throughout this book towards qualifying a high-reliability MEMS device.

L A Brief Description of MEMS

MEMS is an acronym that stands for microelectromechanical systems. It is a
broad term that encompasses a fairly nebulous group of products. Essentially, MEMS
are any product, ranging in size from a micron to a centimeter, that combines mechanical
and electrical structures. Although the possible scope of MEMS is fairly limitless, for the
sake of conventions and the need for brevity, this book will only address the more
common MEMS technologies.

Initially MEMS developed from technologies used in the semiconductor industry
for the production of electronic circuits. Less than 10 years after the invention of the
integrated circuit, H. C. Nathanson used microelectronic fabrication techniques to make
the world's first micromechanical device.[2] By the early 1980s, due to massive
improvements in processing technologies, micromechanical devices grew in popularity.
In the ensuing years, a new industry was born, where electromechanical systems could be
realized on micrometer scales. The result was a whole new class of sensors and actuators
that performed common tasks on smaller scales that were ideally suited for mass
production.

MEMS, in its most conventional sense, refers to a class of batch-fabricated
devices that utilize both mechanical and electrical components to simulate macroscopic
devices on a microscopic scale. This guideline focuses upon the conventional definition
of MEMS. The essence of MEMS is that they are small devices that perform mechanical
tasks in ways and, more importantly, in quantities that conventional devices cannot.

I1. The Potential of MEMS

In the wake of the explosion of the microprocessor in the early eighties, the
semiconductor industry revealed its immutable law that smaller is better. With
economies of scale turning tiny firms into industrial behemoths, it became evident that
mass miniaturization, along with mass distribution, could produce huge revenues and
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substantively change the daily lives of average citizens. Given the unmitigated success of
the microcircuit, it became only a matter of time before technologies would emerge that
could bring machines to the microscopic world and produce similar results. With MEMS
poised to do for machines what the transistor did for computers, there has been a vast
explosion of interest, and thus funding, in MEMS research.

MEMS are used to perform the tasks of macroscopic devices at a fraction of the
cost and with, occasionally, improved functionality and performance. By using simple
mechanical structures and tailoring integrated circuits to suit specific tasks, designers
have seen a drastic reduction in device scales and the implementations of functions that
were previously unrealized. Their size alone makes them attractive for limited mass
applications, with the automotive, biomedical, communications, data storage, and
aerospace industries taking a keen interest in MEMS developments. Far more promising,
though, is the possible reduction in costs offered by MEMS. By combining increasing
throughput with fixed cost structures, manufacturers can linearly reduce prices by a
comparable production increase. Offering economies unique to the semiconductor
industry, MEMS have the potential to revolutionize the industrial age.

The effects of MEMS could enact sweeping reforms within the space industry.
NASA hopes to eventually phase out the large satellites that it employs to reach the
farthest points in the solar system. With every kilogram sent to Mars costing upwards of
one million dollars, the potential of sending a fully integrated spacecraft weighing a few

Figure 1-1: A partially packaged microgyroscope developed at JPL.



kilograms instead of the thousands of kilos offers significant monetary benefits. With
MEMS capable of performing certain functions of macroscopic devices, the benefit of
cutting the cost of research missions cannot be understated given this era of shrinking
budgets. Space applications of MEMS are only a small part of their full potential.
MEMS are also capable of revolutionizing the information age by changing the daily
fabric of our terrestrial existence. '

III. Current MEMS Technologies

Understanding the stated advantages of MEMS, designers have started developing
a range of products to suit their needs. The first major MEMS to hit markets were
pressure sensors for engine control in cars. This development was followed by the
introduction of microaccelerometers, which were pioneered to provide zero-fault air bag
deployment systems. Integrating a diagnostic circuit into a sensor, engineers were able to
produce a device that could not only sense acceleration but that could also detect internal
failures. Replacing a faulty system based on ball bearings and plastic tubing that was
prone to misfire, these devices swept through the automotive industry. Building from the
technological, as well as commercial, success of these initial designs, engineers have
developed MEMS to act as a wide variety of motion sensors. Recently intense research
has been conducted into producing microgyroscopes as part of a fully integrated inertial
reference unit. Development has also commenced, seismometers, anemometers,
temperature sensors, pressure sensors, and hygrometers which, when incorporated with
accelerometers, could provide miniaturized weather stations.

MEMS have also shown promise for aerospace applications. Research into
magnetometers shows that it may be possible to build devices that far outperform
traditional solid-state sensors, which could provide cost saving reductions in the weight
of spacecraft. Furthermore, the bulky propulsion systems in modern satellites will be
phased out by advances in micropropulsion coming from new generations of ion drives
and microthrusters. Recent developments at universities have shown that MEMS
microactuators, when placed upon the leading edge of aircraft, can offer significant drag
reduction and thus increase fuel efficiency.[182] Some even more interesting research
has led to the design of a MEMS controlled aircraft, where control surfaces are replaced
by micromachines, which cculd offer unprecedented control and diagnostic capabilities.

One of the more promising fields within MEMS is the concept of optical MEMS.
Using micromirrors placed on top of memory arrays, researchers have developed a
television projection unit on a semiconductor wafer that has all the functionality of a
cathode ray tube.[3] Another promising development is in the field of optical switches.
Conventional optical switching networks are costly and, with the forecasted growth in
optical communications systems, cheaper alternatives are at a premium. Multiple groups
have developed MEMS-based optical switches that can be produced at a fraction of the
cost of conventional systems.



With the digital age largely upon the American public, MEMS are poised to offer
greater improvements in computer technology. Given that power dissipation of the
average microprocessor increases with every generation of microchip, microtubules
research has been initiated to attempt to find better ways to conduct heat away from
integrated circuits. MEMS structures have also been developed as microprobes for
integrated circuits.[10] Using MEMS, it may be possible to take point contact voltage
and current measurements on microprocessors. Another exciting development has been
the pioneering of nanometer scale data storage. With miniaturized tunneling tips now
possible, engineers have developed systems that could eventually store information at
commercially competitive speeds in an area twenty nanometers on a side.

Another field that shows promise is the development of biological sensors.
MEMS provides an opportunity for the development of new sensors to monitor the
human environment. Researchers at JPL have begun to develop MEMS-based pills that
can provide information about the digestive system. Another interesting application of
MEMS has been in the development of new biological instruments. Researchers have,
among other developments, produced probes to measure the strength of the human heart
cell.[183]

While the potentials of MEMS are almost limitless, production of commercial
parts has been heretofore limited. MEMS, as products of a young industry, remain
largely prototypical. =~ While their potential have been demonstrated their actual
implementation has been relatively scarce, with commercial successes still the exception
rather than the rule. In order for this rapid growth to be realized, the field of MEMS
reliability will need to rapidly mature.

IV. The Need for, and Role of, MEMS Reliability

With MEMS still in their infancy, the question has been posed as to the need for
reliability issues in MEMS. The goal of this book is not just to provide reliability
information for the current designers but to set the standard for reliability in MEMS for
the foreseeable future. Given the almost unstoppable commercialization of MEMS,
reliability issues that have previously been ignored are destined to become of paramount
importance. Researchers at NASA feel that these issues must be raised in unison with the
development of MEMS in order to assure their rapid insertion into industrial and space
applications. Understanding the future of the MEMS industry, it would be shortsighted
to ignore the importance of reliability.

In confronting the issues of MEMS reliability assurance, users will certainly have
different requirements and this book could not hope to address them all. Undoubtedly a
Martian probe will have a different set of requirements and specifications than a
communications satellite, but there will be similar methodologies for assessing
qualification for both. This book is designed to utilize basic similarities in design
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requirements to provide a means of developing high-reliability MEMS parts. In order to
produce a high reliability, or high-rel, part one must not only examine the device itself,
but one must also examine the entire process surrounding the part, from conception to
finish. This means that the process must be qualified, with the supplier fully
investigated, the design verified, and the packaging certified. This book lays out the
methods to perform this task in an efficient manner that ensures the development of a
high reliability part without enforcing cumbersome specifications.

V. Additional Reading

Helvajian, H. ed. Microengineering Technology for Space Systems, The Aerospace
Corporation Report Number ATR-95(8168)-2, El Segundo, CA (September 30, 1995).

O’Rourke, L. Space Applications For Micro & Nano-technologies, European Space
Agency, Noordwijk, The Netherlands (April 1997).







Chapter 2: Reliability Overview

B. Stark and J. Bernstein

Reliability is understood in modern times as the probability that an item will
perform its required task for a set amount of time. Reliability is ultimately a measure of
the rate at which things fail and can be used to make intelligent predictions about the
performance of a system. If the assumption is made that a system is operating at time t =
0, and a time T is defined as the time to failure, then it is possible to define the
complementary failure and reliability rates as:

F(t)= P{T <t (2-1a)
R(T)=P{T >t} =1-F(5 (2-1b)
where
P{a} = The probability that the event ‘a’ will occur
F(t) = The probability that a system fails in [0,t]
R(t) = The probability that a system survives until time t

From probability theory, it is known that F(t) and R(t) are non-negative and that
F(0) = 0 and F(x0) = 1, since all parts will eventually fail. A good measure of reliability
in the interval (t,t+At] is the probability that a system does not fail in the internal (t,t+At],
given that it has not failed by time t, which is written as:

P{T e (t,t+Ar]| T > 1} (2-2)

this quantity is known as the conditional reliability of a system of age t, represented by
the expression R(At|t) and is related to R(t) by Equation 2-3.

R(t+ Ar)

R(At| ) = RO

(2-3)

It should be apparent that R(Atj0)=R(At), since R(0)=1, as defined earlier.



L Reliability Measures

The main challenge of reliability analysis is to quantify a system’s reliability.
This can be done in a number of ways by utilizing some important probability principles.
When data from a reliability test is first collected, it is plotted as failure versus time.
This plot is usually smoothed by fitting the reliability data to established reliability
models, which are discussed later in the chapter. After this is done, the probability
density function, or pdf, is determined.

A. Probability Density Function

The measure of the probabi]ity of failure around a point in time, t, is represented
by the probability density function of T:

dF(t) _ i F+AN-F(©) 2-4)
Ar—0 At

f@=

f(t) is, for a small At, approximately equal to the probability of failure in the time interval
[t,t+At]. Once f(t) is found by whatever approximation is made for the failure function,
one can determine the failure rate, which is the same as the reliability rate.

B. Failure Rate

The instantaneous failure rate is defined as;

Py<T<t+A|T >t}

Al) = lim ~ (2-5a)
which can be rewritten as:
. Pl<T=<t+ At}
A1) = lim APIT > 1} (2-55)
_ Fle+AN-F@) _ f() )
A= R(t) fim At R() (2-5¢)
Since A(t) = f(t)/R(t), it is also possible to define A(t) by:
= __1 4R = (2-6a)
R(t) dt

Ar) = _i(m R() 2-6b

dt (2-6b)



This can be rearranged to give:
In(R(r)) - In(R(0)) = —]A(T)dT (2-6¢)

Thus, given that R(0) = 1, it is possible to determine R(t) as a function of A as:

e e

So, if A is constant for a period of time, the reliability function is:
R(t)=e" (2-8)

which is the exponential model of reliability. However, for most systems, the failure rate
is not constant with time. In fact, the change of A with time becomes one of the most
important reliability measures. A decreasing A indicates improvement with time, while
an increasing A indicates wear-out and a reduction in reliability over time.

C. The Bathtub Curve

By looking at a plot of failure rate over time, it is possible to derive substantive
information about reliability. From experience in the semiconductor industry, it has
been shown that most devices, including MEMS,[50] have a failure rate A(t) that is
shown in Figure 2-1. This model is known as the bathtub curve and was initially
developed to model the failure rates of mechanical equipment, but has since been adopted
by the semiconductor industry.

The bathtub curve can be reduced to three regions of reliability. The failure rate
of a successful part is initially high and falls off as latent defects cause devices to fail
until a time, f,,,,, at which point the failure rate levels off. A decreasing failure rate will
typically justify initial testing and burn-in. The failure rate remains constant for a period
of time specified as the useful life, £, Failures that occur during this period of time
may be considered random and, for high-rel operations, A should be exceedingly small.
Finally, after #,,cuiom devices begin to exceed their lifetimes and wear-out causes the
curve to rapidly increase. From this data it is evident that £, can be defined as:

tuseful = toperation - tinfant (2-9)

As indicated by the bathtub curve, manufacturers aim for the failure rate to
remain fairly constant OVer 7, which justifies using the exponential reliability model

for each part to be used in system reliability models. The time scale is often plotted
logarithmically, although the values of 1,4 and f,q, are rarely well defined.
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Figure 2-1: The Bathtub curve.

Consequently, every manufacturer has its own specific test and burn-in procedure to
maximize the reliability of each product.

D. Predicting Time to Failure

Sometimes it is desirable to discuss the average time to failure instead of the
probability of failure. This value, called the mean time to failure (MTTF) is defined as:

MTTF = [tf(t)dt (2-10a)

It is also possible to prove[108] that the MTTF equals

MTTFz?R(t)dt (2-100)

Once a device is operational, a more useful value is the mean residual life, or
MRL. This quantity is derivable as:

MRL(f) = 7?;7) [R(Tyar @-11)

It should be noted that MRL(0) = MTTF.
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E. Failure Rate Units

Since, for most systems, A(t) is a small quantity, special units are used to describe
reliability. The failure rate is given as the number of units failing per unit time. In
common operation, this number, when expressed as the number of devices failing per
unit time, K, is a fraction of a percent. To make this function more useful, the values are
scaled to a more meaningful time frame. Thus A(¢) is expressed as tenths of a percent of

devices failing per 1x10° hours or as the total number of devices failing in 1x 10’ hours.
This latter quantity is known as the failure in time, or FIT, and is the common unit of
reliability defined as:

1 failure (2-12)

1FIT = S
1 x 10° device hours

A FIT is an approximate rate measure over the useful life of a part, assuming a
constant failure rate, given the bathtub curve model, the FIT rate = A/10°, where A is the
constant failure rate shown in Figure 2-1.

1/e

PROBABILITY, R(t)

—>

A TIME

Figure 2-2: Probability of survival to time t.

IL Probability Models

Several standard probability models are often used to model failure of systems.

A. The Uniform Distribution

The uniform model is the most common probability model used to predict the
lifetime of systems. For a system with multiple components with distinct MTTF and As,
it is often only possible to model the entire system as having a combined failure rate Ao
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Assuming that the failure rate of a single component will constitute a total failure, then it
is possible to directly determine A_ by:

R(r) = ﬁR, H=eMe™ . = e{gh} = (2-13a)

A=A (2-13b)
i=l

where A; = failure rate of the ith component of a system. A system that has any
redundancy or error tolerance will be more difficult to model in detail, but generally, a
series system will have a reliability determined by Equations 2-13. The pdf of this model
is:

f)=2.e™ (214)

which is shown in Figure 2-2. This model is often the only available predictor of
reliability for multi-component systems.

B. The Weibull Distribution

- time

Figure 2-3: The pdf of the Weibull function with different b values,

In a system composed of n components, the probability of the first component
failing is determined by:
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Fo=TTF.0 2-152)

where F, is the probability of failure of the ith component. For systems where all
components exhibit uniform failure rates, the probability of failure of the system can be
expressed as:

. 2-15b
Fi=(-¢*) @-135)
This model is called the Weibull model. It is conventionally written as:

f)=a?p* e and A(t) =a’ pr*” (2-16)

where
o = the scale parameter
B = the shape parameter

The shape parameter enables the Weibull distribution to model multiple aging
trends:

e If0<p <1, then A(t) is decreasing with time
e If B =I then A(t) is constant =¥ the exponential model
e If 1 <P <o then A(t) is increasing with time.

For the Weibull distribution, the MTTF is given as:

MTT. =_1_1-(1+L) @2-17)
a B

where I is the gamma function, which is defined as:

I(x)= It""e"dt for x>0 (2-18)
0
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C. The Normal Distribution

Physical data often fits a Normal, or Gaussian, distribution. This distribution is
derived from the central limit theorem, which states that the distribution of a large

number of random values usually results in a normal distribution, no matter what their
individual distributions were.

RN
/N

/m\\

Figure 2-4: pdf of the normal distribution.

fit)

The normal distribution is expressed by the equation:

__ 1 (?) 2-19
f(t)—o_me (2-19)

where
o = the standard deviation

t,= the MTTF

For this model, F(t) and R(t) are given by the respective error and complimentary
error functions, ® and 1-®. This function is usually approximated by

zZ

il (2-20)

D(z) =

1
e
N2
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D. The Lognormal Distribution

ft)

/ N\

/ \
7 N

fog (time)

Figure 2-5: pdf of the lognormal distribution.

The logarithm of many failure times are found to be normally distributed in what
has been termed a lognormal distribution. The physical justification for the lognormal
model is that thermally activated systems will have a failure rate that is determined by the

Arrhenius relation:
{#)
MTTF(T) =t,e \" (2-21)

where:

E, = the activation energy

k = Boltzmann constant (8.6x10”° eV/K)
If the activation energy, E,, is normally distributed in energy:

_(E_EnO )2

E)= = (2-22)
PE)=—7r ¢

then the failure rate will have the form:

(2-23)

1
0=
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For this model, F(t) is given by
CD( In(t - ¢, )]
o

III.  Application of Reliability Models

250

lﬂ) ~L L1l «E"n ]

100 e

Temperature( C) (Linear 1/T Scal

1 100 10000 1000000
Tine ()

Figure 2-6: An example of using the lognormal distribution to predict lifetime in ICs. Each data
point represents a life test and the line provides lifetime data at any given temperature.

While the above models offer a good basis for describing reliability, they must be
accurately utilized to predict lifetime data. The simplest way to measure reliability is to
submit a large number of samples to testing under normal operating conditions until
failure occurs. However, since most high-rel applications utilize devices with lifetimes
of several years, this approach is often too costly and time-consuming for most
applications. Instead, devices are operated under accelerated conditions for a shorter

period of time until failures occur and then, using probability theory, actual device
lifetime is reconstructed.

While this kind of testing is relatively simple for purely electrical systems, it is
significantly more difficult for MEMS, or for any mechanical system. Since failure
mechanisms are not well understood, there is no simple test to accelerate lifetime. To
further compound matters, the vast difference in types of MEMS devices means that each
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set of devices may require unique acceleration conditions. These kinds of difficulties are
not encountered in purely electrical systems because lifetime is determined almost
exclusively by the rate of thermally activated processes. These interactions are easy to
accelerate by increasing temperature. In MEMS, on the other hand, it may be
temperature, humidity, vibration, or a number of other factors that limit device lifetime,
and accelerating one failure mode may decelerate another.

Once life-test data is collected, it can be modeled with one of the above
probability distributions. Take, for example, data that fits a lognormal distribution. This
can be determined by plotting the data on a lognormal graph. If the life-test data fits into
a straight line, then the data fits into a lognormal distribution. The intersection of this
straight line with 50% cumulative failure indicates the MTTF.

To accurately predict lifetime at any operating conditions, at least three distinct
high stress tests must be performed. The median lifetime from each of the three tests is
then transferred onto a lognormal plot and fit with a line. Median life at any operating
condition can then be determined.

In a world with limitless resources and time, lifetime test would be conducted
with nearly infinite sample sizes. Since this is a practical impossibility, the size of the
sample must be considered in determining the confidence in lifetime predictions.
Confidence is expressed in terms of a percentage, where a confidence value says that for
a given percentage of the time, a test would yield a result within the two limits of the test.
Thus an upper and lower confidence of 90% on respective lifetimes of two and four years
means that nine out of every ten tests would predict a lifetime between two and four
years. The following equations yield confidence limits:[118]

upper limit = T, x e“‘¥" alphayxa/N) (2-24a)

lower limit =T, x ' ™"(@> =) (2-24b)

where
o* = the standard deviation in the data

T{est = median life at test temperature

1(df, alpha) = value from the Students’ ¢ distribution (see ref. [118] for more

detail on this subject)

daf = degrees of freedom (N-1)
alpha = (1% confidence) / 2

N = samble size :
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Due to the variability of test data, it should be apparent that an understanding of
failure mechanisms within MEMS is critical to determining device lifetime. This kind of
information can only be determined from further research into MEMS reliability. As
stated above, the diversity of MEMS technologies on the market almost necessitates an
individualized approach to a statistical lifetime study. One of the great obstacles to space
qualifying MEMS is the individuality of the devices. MEMS manufacturers do not have
the luxury of ASIC and MMIC designers, who can use a great deal of prior work and
knowledge in space qualifying their products. Despite these obstacles, it is inevitable that
MEMS will eventually work their way into high-rel applications and this methodology
will provide the means for realizing that goal.

IV. Failure

While this chapter has devoted a lot of time to quantifying reliability, it has not
discussed the roots of reliability, namely failure. The time dependence of reliability, R,
and failure, F, are complimentary, so the rates are both equal to the failure rate, A. In
order to accurately study MEMS reliability, the nature of failures must be quantified.
Failure may be separated into two distinct categories:

(1) Degradation failure, which consists of device operation departing far enough
from normal conditions that the component can no longer be trusted for
reliable operation o ’

(2) Catastrophic failures, which are, as the name implies, the complete end of
device operation.

Failures occur when the stresses on a device exceed its strength. While the most
prevalent failure mechanisms in MEMS are not yet fully understood, there is a great deal
_ of knowledge about failure mechanisms within more common semiconductor devices,

which should have a bearing upon failure within MEMS.

In order for a device to be classified as high-rel, it must meet some basic criteria.
The most significant of these is that a device cannot exhibit a dominant failure
mechanism. This ensures that there is no inherent design flaw that prohibits long-term
reliable device operation. In order to make this assessment, the failure mechanisms with
a device must be understood.[109]

The identification and mitigation of failure mechanisms in MEMS is both one of
the most important and one of the newest issues in MEMS. The most relevant way to
keep abreast of the failure mechanisms within MEMS is to search the current literature,
as data contained within this manual is almost sure to be revised after publication. With
this in mind, Chapter 3, “Failure Modes and Mechanisms” provides a description of the
most commonly observed failure mechanisms and associated failure modes in MEMS.
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Chapter 3: Failure Modes and Mechanisms

B. Stark

A critical part of understanding the reliability of any system comes from
understanding the possible ways in which the system may fail. In MEMS, there are
several failure mechanisms that have been found to be the primary sources of failure
within devices. In comparison to electronic circuits, these failure mechanisms are not
well understood nor easy to accelerate for life testing. In any discussion of failures, the
definition of failure mechanisms, or causes of failure, often overlaps with the definition
of failure modes, or observable failure events. To alleviate this confusion this chapter
has been roughly organized by failure modes, with mechanisms being described within
the sections on the modes they cause. Failure mechanisms that do not have clearly
associated modes are discussed at the end of this chapter.

| Mechanical Fracture

Mechanical fracture is defined as the breaking of a uniform material into two
separate sections. In MEMS it will usually lead to the catastrophic failure of a device,
although there are some structures that will have more moderate performance
degradations.[5,8] No matter what the actual outcome, any fracturing is a serious
reliability concern. There are three types of fractures, ductile, brittle, and intercrystalline
fracture. Ductile fracture, as the name implies, occurs in ductile materials. It is
characterized by almost uninterrupted plastic deformation of a material. It is usually
signified by the necking, or extreme thinning, of a material at one specific point. Brittle
fracture occurs along crystal planes and develops rapidly with little deformation.
Intercrystalline fracture is a brittle fracture that occurs along grain boundaries in
polycrystalline materials, often beginning at a point where impurities or precipitates
accumulate. For MEMS the latter two types of fracture are more common. To
understand the actual causes of fracture and the methods for predicting it, several terms
must be first defined.[27]

A. Definitions

Mechanical failure in a crystal lattice occurs when an applied stress exceeds the
failure stress of the structure. Stresses are separated into the two categories of normal
and shear stress. Normal stress is defined as stress perpendicular to a plane in a material,
while shear stress occurs parallel to a plane, as shown in Figure 3-1. In solid materials,
stress is linearly related to a concept called strain, which is the fractional elongation of a
material. The proportionality constant between stress and strain is, for small normal
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loads, called the modulus of elasticity, or Young’s modulus. The actual deformation of
a cubic volume will depend upon all the stresses applied to it:

O E, E, E; E, E; E |¢.
O\ Ey Eyp Ey E, Ey Ey €y
O _ E, E, E; E, E; Eg|e&.
Ty E, E, E; E, E; E €x
™ E, E, E; E, E; Eg|é.
[ = __Eél E, Eg; Ey Eg E66_ [ &)z

where
o = normal stress
T = shear stress
€ = strain

E = Elastic Modulus

One important aspect of this tensor is that E;=E;, so that there are actually only 21
independent constants. Further simplifying this effect is the internal symmetry of most
crystals. In cubic crystals, such as Si and GaAs, the tensor reduces to:
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While not all materials have just three independent elastic constants, it is unlikely to find
even highly anisotropic crystals with more than nine elastic constants.
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Figure 3-2: Young's modulus as a function of crystalline orientation for Si and GaAs along
the <100> axis.

One of the difficulties in using Equation 3-1b is that, in an anisotropic crystal, the
elastic modulus will vary with crystalline orientation. To account for this variation a plane
modulus is defined with the crystal orientation by

O
E[hkl] =l (3-2)
&)
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In order to relate the modulus of a crystalline plane to the elastic constants in
Equations 3-1, the following equation is used:

E7(0.0.w) =5, — 2(s;, — 5, —0.55, )2 + 1212 +1212))  (3-3)
where

P En + Elz
11
(Eu +2E12)(E11 _EIZ)

5, = _Exz
1
(En +2E12)(En _Elz)

Figure 3-3: Euler's angles.[91] These
are the angles formed between the
1 <100> axis and an arbitrary <hki>

E, axis.
0, ¢, v = Euler’s angles, defined in Figure 3-2
1, Iz, I3 = the direction cosines defined by the following matrix

L, m n cos@) cos@) cosy) —sin@) sin(y) cos@)sin(@)cos@) —sin@)sin@y) —sin@)cosiy)
[, m, n,|=|-cos@)cos@)sinfy)-sin{@)siny) —cos@)sin@) cos@) —sin@)sinfy) * sin@)sinfy)
Iy, my n, cos@)cos@) cos@)cos@) cos@)

The modulus of Si and GaAs as a function of crystalline orientation is shown in Figure 3-
2.[32]

In common nomenclature the constants, s;;, sj2, and s44 are called compliance
coefficients. This equation reveals that the { 100} planes of Si have an elastic modulus of
130 GPa, while the {110} planes have a modulus of 165 GPa. For the {111} planes, with
a 0 and ¢ angle of 45° and a y angle of 0°, the value of E{y;;, is 187 GPa, which is the
stiffest plane in silicon. As a result, wear effects will be most severe in the[100] direction
because it has the lowest stiffness of any crystal planes in silicon. It must also be noted
that Eyy, E2, and E44 are usually defined relative to the <110> planes, while s;;, s;2, and
S44 are generally defined relative to the <100> planes.

Poisson’s ratio is also orientation-dependent, with the basis vector given along
with the value of the number. Poisson’s ratio is normally defined in terms of the elastic
compliance coefficients as v = -s;5/sy;. If a longitudinal stress is considered in a direction
that is displaced from the {100} planes by angles 0, ¢, and v, it has been proven [48,49]
that
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Figure 3-4: Poisson's ratio as a function of angle in the (100) plane with 1 and m
varying in the (100) plane.

__ St (Sn — S~ -5544)(112'"12 + 122m22 + 132m32 (3-4)
51— 2(5,, = 51g — 55 WEIE + 22 +17L3)

While these considerations are important in the study of MEMS, they are difficult
to resolve analytically. For simplicity's sake, researchers design structures that will only
be forced in orthogonal directions, so that Young’s modulus and Poisson’s ratio can be
treated as uniform values. For this reason, the remainder of this guideline will treat
Young’s Modulus and Poisson’s ratio as a single value, with the implicit understanding
that these quantities are actually dependent upon crystal structure.
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Once the definitions of stress and strain are understood, it is possible to
understand how stress leads to failure.
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Figure 3-5: Stress versus strain relationships for bulk Si and GaAs'.

B. Stress-Induced Failure

In Figure 3-2, the process of crystal lattice failure is illustrated through a diagram
of stress versus strain. As can be seen, the application of stress causes a linear increase in
strain until fracture. This is a function of the brittle properties of these materials; brittle
materials deform elastically until fracture occurs. To understand the fracture tolerances of
a MEMS device, as in any mechanical structure, one needs to determine the maximum
stresses.

The maximum stress in a device usually occurs near stress risers, or concentrators.
Stress concentration occurs when there is a sudden change in the cross section of a
material. At these points, stress is usually non-uniformly distributed and somewhat
difficult to analytically resolve. Since most engineers are more concerned with maximum
stress rather than average stress, this value can be calculated by defining the stress
concentration factor K as:

" This chart is idealized. In actuality there is a small curvature to the stress strain curve of any material.
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K =—r= (3-5)

where
Omax = Maximum stress at a stress concentration point
Gave = average stress at a stress concentration point
K is a function of the geometry of the stress riser and is typically graphically

represented. Oaye Can be calculated from basic structural analysis, which allows Gmax to be
determined.
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Figure 3-6: Stress concentration factor as a function of geometry for thin beams.
(from [11])

While analysis of stress will determine if a material has exceeded its fracture
strength, some new concepts will have to be introduced to understand what factors limit
the strength of materials. Many of the mechanical failures in crystalline solids occur as
the result of defects in crystal structures. These defects are the result of imperfect
techniques in crystal growth and are critically important to the study of the properties of
crystals. While a modern silicon wafer will have relatively few defects,[46] other
materials used in MEMS have significant defect densities. There are several kinds of
defects that need to be examined.
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C. Point Defects

0“000

asoidid

=§: %s?

Figure 3-7: Different point defects. A is a vacancy, B is an interstitial. C is a Point replacement
while D and E are 2-D mappings of an edge and screw dislocation, respectively.

Point defects are faults at a single point in a crystal. They tend to create very
localized internal strains and do not usually have the magnitude of an impact upon crystal
lattice integrity that is common to dislocations, which are discussed in the following
section. Point defects are categorized into the following groups:

)] Vacancies

A vacancy is the lack of an atom at a specific point in a lattice where one would
otherwise be expected. This has the result, as most defects do, of limiting electron
mobility. More important for MEMS is the fact that a vacancy will lower the yield
strength of the material, as it weakens the lattice strength. The missing atom causes the
lattice to compress around the vacancy, which creates an internal stress field that is

described by Equation 3-5.

o,_=-20 =_20_99=&1—2vi3
7 1-vr

(3-6)

where

1-v
1-2v

8o = 2GAV

G = the shear modulus of a material (E44 for cubic crystals)

AV = the change in the volume of the solid due to the vacancy.
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i) Interstitial

An interstitial is an additional atom which has become wedged between the atoms
of a lattice. An interstitial will have, to a first order approximation, the same stress field
as a vacancy, except that the strength factor, go, becomes

872G 1+v 5
"

T 1-2v " ° (3-7)

8o =
where

o
~—-—1
7 A

1o = the radius of the foreign atom

A = the lattice parameter

iii) Point Replacement

In this case a single atom has been replaced by an atom of a different element.
Often this is done intentionally for doping purposes, but sometimes it occurs accidentally
as the result of disorder in the lattice or impurities in the melt. Theses defects will have
differing effects on the mechanical propertiés of solids, but will usually not be as large in
magnitude as vacancies or interstitials.[53]

D. Dislocations

Figure 3-8a: Edge dislocation. (from [37]) Figure 3-8b: Screw dislocation. (from [37])
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A dislocation is a one-dimensional array of point defects in an otherwise perfect
crystal. They occur when a crystal is subjected to stresses that exceed the elastic limits of
materials. Dislocations are usually introduced into a crystal through the presence of a
temperature gradient during crystal growth. Modern wafer processing techniques produce
extremely low dislocation densities on wafers. Dislocations can be separated into two

types:

i) Edge Dislocation

In this case a whole row of atoms is out of phase with respect to the rest of the
lattice, as shown in Figure 3-8a. The result of this phenomenon is a physical barrier in the
crystal that scatters electrons and weakens the crystal. An edge dislocation creates a
stress field that is defined by Equations 3-8a-e:

Gb y(3x2 + y2)

Te = 2r(1-v) (x*+ y*)? (3-8a)
o - Gb y&-yH (3-8b)
T 2r(1l-v) (xX* + y?)?
o, =v(c,+0,) (3-8¢)
S Gb  x(x* - yz) (3-8d)
Y 2z(l-v) (& + y?)?
S (3-8¢)

where

X, ¥y, z = distance from edge dislocation, with the dislocation in the plane of x and
the z axis is tangent to the dislocation.

b = The magnitude of the Burgers vector of the dislocation ~ a few lattice
spacings.
ii) Screw Dislocation

This fault is much the same as an edge dislocation except that it is shaped like a
spiral staircase, as shown in Figure 3-8b. Screw dislocations also create stress fields in
solids, as defined below:
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e =52 2
2r x"+y (3-9a)
, _Gb_x
¥z 27T x2 + }’2 ) (3-9b)
o,=0,=0,=7,=0 (3-9c¢)

The essential feature to recognize from these equations is that dislocations
introduce stresses internal to materials that will significantly weaken crystal lattices.
While these stresses decrease quadratically with distance from the dislocation, there
clearly will be a strong local internal stress created by these features. Another factor to
consider is that the stress fields from different dislocations will interact, creating internal
forces. From a MEMS reliability standpoint, this means that using high quality wafers
with smaller numbers of dislocations will ultimately increase device reliability and
lifetime. For more information on this subject, Reference [37], “Elementary Dislocation
Theory” by Weertman and Weertman offers a good, in-depth discussion of dislocation
theory.

E. Precipitates

In metals containing another element in a supersaturated solid solution, this
solution tends to precipitate in the form of a compound with the solvent metal.[53] In the
presence of a dislocation, atoms will precipitate into the dislocation, which will occur at

the rate:
¢ 273
t — (3-10)
nooc[Tj

where
n(t) = the number of atoms precipitating in a time, t.
T = temperature

This phenomenon is used to harden materials by allowing precipitates to lock
dislocation and prevent them from moving through the lattice. While this is found to be
useful in construction materials, it creates problems for MEMS devices using metallic
compounds, such as GaAs. The formation of precipitates creates an internal stress, which
can significantly weaken crystal lattices and is discussed in great detail in Reference [53].
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F. Fracture Strength

The impetus for studying defects is that, for brittle materials, the fracture strength
is a function of the largest crystal defect. For a defect of length c, the fracture strength
can be determined by:[114]

K
op =— (3-11)
Ye

where
K. = Fracture toughness

o = fracture strength
Y = dimensionless parameter that depends on the geometry of the flaw

It is sometimes useful to approximate the defect as being penny shaped with a
radius, c, in which case the fracture strength is:[17]

o = 1.6K,, (3-12)
F \/E
Normally, a Gaussian distribution of crystal defects is assumed for a given

volume. This would imply that there is also a normal distribution of fracture strengths, as
described below:

_to-0)?

Flo) = Qud?) Ve (3-13)

where

d* = standard deviation in fracture strength

o = mean fracture strength

For this kind of fracture stress distribution, the probability of failure of a body
exposed to a stress field is modeled by the Weibull probability distribution function of:

=) G149

where
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V = the volume of the stressed body
o, = a lower stress limit which is usually equal to zero in brittle materials (Pa)
oo = a parameter related to the average fracture stress (Pa)

m = the Weibull modulus, a measure of the statistical scatter displayed by fracture
events

For simple geometries, Equation 3-14 can be simplified to:

In 1 ! =ml t
nj in l—Pf =minco +cons (3-15)
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Figure 3-9: Representative plot of the probability of the fracture of silicon under applied stress.

The Weibull modulus, which can be used to measure the reliability of an
engineering material, can be determined by a linear curve fit on a simple 1n/In-In plot.
Thus, the probability of fracture will be randomly distributed by a Weibull model, as
shown in Figure 3-9. As such, the fracture strength of a material can only be expressed as
a probability distribution and not as a specific value, which presents a challenge for
reliability engineers. Since it is not known what the ultimate failure strength of a device
will be, testing must be done on all devices prior to insertion into the market to eliminate
devices with unacceptably low fracture strengths.

For common MEMS materials, several fracture studies have been conducted. The
median fracture strength of silicon beams has been reported to be on the order of 6 GPa
with a Weibull modulus of 10.1, although these values are strongly dependent upon the
finished composition of the beam.[40] GaAs had a fracture strength of less than half that
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of silicon, at 2.7 GPa. These values compare favorably to construction steel, which
fractures under 1 GPa. While this study provides a baseline for the strength of Si and
GaAs, they are not universally applicable. Fracture studies need to be conducted on every
process, as mechanical properties of materials are highly dependent on processing
conditions.

G. Fatigue

Fatigue is a failure mechanism caused by the cyclic loading of a structure below
the yield or fracture stress of a material. This loading leads to the formation of surface
microcracks that cause the slow weakening of the material over time and create localized
plastic deformations. While brittle materials do not experience macroscopic plastic
deformation, they will still experience fatigue, albeit in a much longer time frame than in
ductile materials.

FRACTURE STRESS

PP

| i | | |
10* 100 10® 107 108
NUMBER OF CYCLES (N)

Figure 3-10: Typical SN curve for a ductile material.

Fatigue is typically modeled with a plot known as the SN curve. The plot, shown
in Figure 3-11, relates the fracture stress, S, to the number of cycles of loading and
unloading a material. As shown in the figure, the fracture stress decreases with time and
can eventually fail.

Fatigue also causes a gradual change in the properties of a material. After
repeated cycling, which is often on the order of billions of cycles, Young’s modulus will
gradually shift. This shift will change the resonant frequency of many devices and
degrade sensor outputs. Also affected is the dampening coefficient, which will increase
over time and change the resonant frequency and Q factor of a structure. Electrical
resistance of many structures will also increase over time. The combined effect of these
changes can lead to degradation failure. Table 3-1 provides order-of-magnitude estimates
in the changes that might be expected in these values over the lifetime of a device.[95]
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Property P+ Silicon P+ Silicon coated P+ Silicon P+ Silicon coated

with aluminum coated with with oxide

nitride
original | aged | original | aged original | aged | original | aged
Young’s 129 136 | 117 113 134 125 | 127 123
Modulus (GPa)
Dampening 600 770 | 741 779 436 588 | 631 685
Coefficient (Hz)
Resistance () | 9.9 15.3 | 199 22.7 4.93 9.55 | 10.3 12.5

Table 3-1: Fatigue induced materials degradations.[95]

While this table is only indicative of one study, it does show that fatigue is a real
concern for MEMS.

1I. Stiction

One of the biggest problems in MEMS has been designing structures that can
withstand surface interactions. This is due to the fact that, when two polished surfaces
come into contact, they tend to adhere to one another. While this fact is often
unimportant in macroscopic devices, due to their rough surface features and the common
use of lubricants, MEMS surfaces are smooth and lubricants create, rather than mitigate,
friction.[19] As a result, when two metallic surfaces come into contact, they form strong
primary bonds, which joins the surfaces together. This is analogous to grain boundaries
within polycrystalline materials, which have been found to be often stronger than the
crystal material itself. However, adhesive boundaries are usually not as strong as grain
boundaries, due to the fact that the actual area of contact is limited by localized surface
roughness and the presence of contaminants, such as gas molecules.

Adhesion is caused by van der Waals forces bonding two clean surfaces together.
The van der Waals force is a result of the interaction of instantaneous dipole moments of
atoms. If two flat parallel surfaces become separated by less than a characteristic distance
of zo, which is approximately 20 nm, the attractive pressure will be:

A

P, =
™ 6md?

[110] (3-16)

where
A = Hamaker constant (1.6 eV for Si)

d = the separation between the surfaces
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While this equation, since it ignores the repulsive part of surface forces,
overestimates the force of adhesion by at least a factor of 2, it is a good order of
magnitude approximation for adhesive forces. Typical values of d are on the order of
several Angstroms.

In most MEMS devices, surface contact causes failure. With the noted exception
of the small contact areas in microbearings, when surfaces come into contact in MEMS,
the van der Waals force is strong enough to irrevocably bond them. Although some
devices, such as microswitches, are designed to combat this problem through strong
actuator networks, most devices must be designed to eliminate any surface interactions, in
order to avoid the effects shown in Figure 3-11.

Figure 3-11: Polysilicon cantilever adhering to substrate.

III. Wear

Wear is an event caused by the motion of one surface over another. It is defined
as the removal of material from a solid surface as the result of mechanical action.[27]
While there are some mechanical operations, such as polishing and sharpening, that
utilize wear in a constructive manner, wear is generally considered an undesirable effect
in MEMS. There are four main processes that cause wear. They are called adhesion,
abrasion, corrosion, and surface fatigue.

Adhesive wear is caused by one surface pulling fragments off of another surface
while they are sliding. This is caused by surface forces bonding two materials together.
When the bonds break, they are unlikely to separate at the original interface, which
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fractures one of the materials. The volume of a material fractured by adhesive wear is
determined by the relationship:[27]

kwF
Vi = —;v:?i (3-17)

y
where
oy = yield strength of the material
kaw = material dependent wear constant
x = sliding distance
F = load on the material

kaw is material dependent. Several useful approximations have been developed
for non-metallic wear between different types of materials:

Nonmetal on - Nonmetal on  Nonmetal on Layer-lattice
identical like nonmetal unlike nonmetal on
nonmetal  nonmetal  unlike material

Table 3-2: Wear coefficients for nonmetals’.[120]
As a general rule, adhesive wear will be minimized with dissimilar hard materials.

Initial studies on the long-term effects of adhesive wear have been completed,
with some interesting results being discovered. A study at Sandia National Laboratories
found that wear related failures had a high initial infant mortality rate, followed by a
decreasing failure rate over time. An interesting part of their discovery was that both the
lognormal and the Weibull model of failure rates described wear equally well. While this
seems a bit counterintuitive, upon close inspection both of these models have fairly
similar shapes of probability density and cumulative distribution functions over the ranges
in question.

! Traditionally the factor of 3 is dropped from Equation 3-15 and these values are expressed as 1/3 of the
values in this chart.
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Abrasive wear occurs when a hard, rough surface slides on top of a softer surface
and strips away underlying material. While less prevalent in MEMS than adhesive wear,
it can occur if particulates get caught in microgears and can tear apart a surface. Also
defgned b)é Equation 3-15, the constant kaw for abrasive wear is usually on the order of
107 to 10™.

Corrosive wear occurs when two surfaces chemically interact with one another
and the sliding process strips away one of the reaction products. This type of wear could
cause failure in chemically active MEMS. Certain types of microfluidic systems and
biological MEMS are susceptible to corrosive wear. Corrosive wear is dependent upon
the chemical reactions involved, but it can be modeled as:

B = Kow* (3-18)
Ccw 3

where
hcw= depth of wear
kcw = corrosive wear constant, on the order of 10 to 107

Surface fatigue wear occurs mostly in rolling applications, such as bearings and
gears. It affects highly polished surfaces that roll instead of sliding. Ower time, the
continued stressing and unstressing of the material under the roller will cause the
appearance of fatigue cracks. These cracks then propagate parallel to the surface of a
structure, causing material to flake off the surface. Surface fatigue wear tends to generate
much larger particles than other wear mechanisms, with flakes as large as 100 nm being
common in macroscopic applications.[27]

In many actuator technologies, wear will increase the voltage required to drive a
device. Due to the polishing of the contact surfaces caused by wear, the adhesive forces
will increase. The increase in adhesion will require larger input signals to drive a device.
The increase in drive signal will, in-turn, increase to force, and thus wear, on a structure.
As a result, many structures that have contact surfaces prone to wear, will experience a
positive feedback loop between wear and driving voltage that will eventually lead to the
catastrophic failure of a device. Either the increase in voltage will create a power drain
that exceeds the available power to the system or the increase in voltage will decrease the
stability of the actuator until stiction occurs.

IV. Delamination

Delamination is a condition that occurs when a materials interface loses its
adhesive bond. It can be induced by a number of means, from mask misalignments to
particulates on the wafer during processing. It can also arise as the result of fatigue
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induced by the long term cycling of structures with mismatched coefficients of thermal
expansion.

No matter what the actual cause, the effects of delamination can be catastrophic.
If the material is still present on the device, it can cause shorting or mechanical
impedance. Furthermore, the loss of mass will alter the mechanical characteristics of a
structure. While the exact changes will depend upon the amount of material that has
fallen off, recent work[87] has reported shifts of up to twenty five percent in resonant
frequency in some devices.

V. Environmentally Induced Failure Mechanisms

In addition to device operation, there are external effects that can also cause
failure in MEMS. Many environmental factors can lead to the development of failure
modes. As discussed in the next section, environmental failure mechanisms are one of
the biggest challenges facing the insertion of MEMS into space.

A. Vibration

Vibration is a large reliability concern in MEMS. Due to the sensitivity and
fragile nature of many MEMS, external vibrations can have disastrous implications.
Either through inducing surface adhesion or through fracturing device support structures,
external vibration can cause failure. Long-term vibration will also contribute to fatigue.
For space applications, vibration considerations are important, as devices are subjected to
large vibrations in the launch process.

Figure 3-12 (a, b): Cracks in single crystal silicon support beams caused by vibrations from a
launch test.[5]

B. Shock

Shock differs from vibration in that shock is a single mechanical impact instead of
a rhythmic event. Shock creates a direct transfer of mechanical energy across the device.
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Shock can lead to both adhesion and fracture. Shock can also cause wire bond shearing, a
failure mode common to all semiconductor devices.

C. Humidity Effects

Humidity can be another serious concern for MEMS. Surface micromachined
devices, for reasons related to processing, are extremely hydrophilic. In the presence of
humidity, water will condense into small cracks and pores on the surface of these
structures. When the surface equalizes with the atmosphere there will be a curved
meniscus of liquid on the surface, with the two radii of curvature of the meniscus, r; and
12, determined by the expression:

1y e
nor RT log(P/P*) (3-19)

where
y = surface tension
v = molar volume
P/P* = relative vapor pressure of water in the atmosphere
R = gas constant (1.98719 cal/mol-K)
T = temperature

Recent work has shown that condensation on surface micromachined surfaces will
lead to an increase in residual stress in the structures.[28] For two surfaces that come into
close proximity with each other, the condensation will also create a capillary pressure
between the surfaces equal to:

497, cos*(9)
o = (3-20)
where

d = the separation between the two plates

0 = contact angle between the surfaces and the liquid

Thus, a hydrophilic surface in a humid atmosphere will experience both
condensation, which will create bending moment in structures, and capillary forces, which
will create stronger adhesive bonds than Van der Waals forces alone.[110,114]
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D. Radiation Effects

While still in its infancy, the field of radiation effects on MEMS is becoming
increasingly important. It has long been known that electrical systems are susceptible to
radiation and recent research has raised the possibility that mechanical devices may also
be prone to radiation-induced damage. Especially sensitive to radiation will be devices
that have mechanical motion governed by electric fields across insulators, such as
electrostatically positioned cantilever beams. Since insulators can fail under single event
dielectric rupture, there is a distinct possibility that these devices will have decreased
performance in the space environment. A further complication is the fact that radiation
can cause bulk lattice damage and make materials more susceptible to fracture.

Recent work indicates that dielectric layers will trap charged particles, creating a
permanent electric field. This permanent field will change resonant characteristics and
alter the output of many sensors.[122,123] This may indicate that radiation-tolerant
designs will have to limit the use of dielectrics, which could be a challenging design
problem. One radiation issue that has received some notice without generating a lot of
research is the impact of large atomic mass particles on MEMS. It is known that high Z
radiation can lead to fracturing by creating massive disorder within the crystal lattice,
Since this radiation source is common in the space environment, it needs to be
investigated before MEMS to launch into space.

On one of the few radiation tests to date, one group of surface micromachined
devices exposed to gamma ray doses in excess of 25 krad had severe performance
degradation. While certainly this reveals no substantive information about the overall
radiation tolerance of MEMS as a technology, it raises the possibility that radiation can
cause failure within these devices. While more studies need to be conducted before any
conclusions can be made, it is important to understand that radiation effects in MEMS is a
non-trivial issue that has yet to be fully addressed.[13]

E. Particulates

Particulates are fine particles, that are prevalent in the atmosphere. These particles
have been known to electrically short out MEMS and can also induce stiction. While
these particles are normally filtered out of the clean room environment, many MEMS are
designed to operate outside the confines of the clean room and without the safety of a
hermetically sealed package. As a result, devices must be analyzed to ensure that they are
particle-tolerant before they can be used as high-rel devices in environments with high
particulate densities.

Another area in which contaminants cause problems is in adhesion. Proper device
' processing requires most materials interfaces to be clean in order to have good adhesion.
If dust particles are present, then the two materials will be weakly bonded and are more
likely to have delamination problems.
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F. Temperature Changes

Temperature changes are a serious concern for MEMS. Internal stresses in
devices are extremely temperature dependent. The temperature range in which a device
will operate within acceptable parameters is determined by the coefficient of linear
expansion. In devices where the coefficients are poorly matched, there will be a low
tolerance for thermal variations. Since future space missions anticipate temperatures in
the range of —-100 to 150°C, thermal changes are a growing concern in MEMS
qualification efforts.

Beyond these issues, there are other difficulties caused by temperature
fluctuations.  Thermal effects cause problems in metal packaging, as the thermal
coefficient of expansion of metals can be greater than ten times that of silicon. For these
packages, special isolation techniques have to be developed to prevent the package
expansion from fracturing the substrate of the device..

Another area that has yet to be fully examined is the effect of thermal changes
upon the mechanical properties of semiconductors. It has long been known that Young’s
modulus is a temperature-dependent value. While it is more or less locally constant for a
terrestrial operating range, it may vary significantly for the temperature ranges seen in the
aerospace environment.

G. Electrostatic Discharge

Electrostatic discharge, or ESD, occurs when a device is improperly handled. A
human body routinely develops an electric potential in excess of 1000V. Upon contacting
an electronic device, this build-up will discharge, which will create a large potential
difference across the device. The effect is known to have catastrophic effects in circuits
and could have similar effects in MEMS. While the effects of ESD on MEMS structures
have not been published to date, it can be assumed that certain electrostatically actuated
devices will be susceptible to ESD damage.

VI.  Stray Stresses

Stray stresses are a failure mechanism that are endemic to thin film structures.
Stray stresses are defined as stresses in films that are present in the absence of external -
forces. In MEMS small stresses will cause noise in sensor outputs and large stresses will
lead to mechanical deformation.

Thermal and residual stresses are the two sources of stray stress in MEMS.
Thermal stress is a process-induced factor caused by bimetallic warping. Thin films are
grown at high temperature and, in the process of cooling to ambient temperature, they
contract. While these effects are desirable for the thermocouples, they can cause problem
in common MEMS devices. Thermal strains on the order of 5x10™ are commonly
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observable in MEMS. Residual stresses are a result of the energy configuration of thin
films. Caused by the fact that these films are not in their lowest energy state, residual
stress can either shrink or expand the substrate. While there are high-temperature
techniques for annealing out residual stress, these methods are not always compatible
with MEMS processing.

In bulk micromachined devices, stray stresses can cause device warping, while the
effects can be much more serious in surface micromachined devices. Since they are made
entirely of thin films, surface micromachined devices are exceptionally sensitive to stray
stresses. Large residual stresses can cause warping and even the fracturing of the
structural material. For this reason, the materials used in surface micromachining are
often selected for their ability to be grown with little stray stress.

VII. Parasitic Capacitance

Parasitic capacitance is another failure mechanism in MEMS. Parasitic
capacitance does not cause failure in and of itself, but it can be a contributing factor to
failure. Parasitic capacitance is defined as an unwanted capacitive effect in a device.
While parasitics are unavoidable in devices, they must be minimized for devices to work
properly. Parasitic capacitance can cause unwanted electrical and mechanical behavior in
devices.

The most common source of parasitics in MEMS is between a device and the
substrate. Most MEMS devices consist of a conducting device suspended over a
conducting substrate. These two devices have a capacitance between them that is
inversely proportional to the distance separating them. This capacitance will exert a force
upon the device, creating non-planar displacement and a current flow through the
substrate. While some devices use this effect for non-planar actuation, often parasitic
capacitance will impinge device performance by causing unwanted mechanical stresses
and motion. To limit these effects, devices should be sufficiently removed from the
substrate that large z-axis motion cannot be detected. While this definition is fairly loose,
it is ultimately up to design and reliability engineers to determine how much parasitic
capacitance is tolerable.

The second major source of parasitics comes from within the device. Many new

bulk micromachined devices are designed with a silicon base, a reactively grown oxide
layer, and a metallization top layer, as shown in Figure 3-14.

43



:

Al Si0, Si G

Figure 3-13: Diagram of parasitic capacitance between silicon base and
metallization layer on a bulk micromachined beam.

These parasitic capacitances will have varying effects based upon device design.
On some devices their effects may be negligible, while on others they can cause severe
problems with device output. To limit the influence of parasitic capacitances, many
engineers alter their designs to electrically isolate much of their structure. This is done by
limiting the amount of metal coated structures and by using thin wires to supply voltages
to many structures.

VIII. Dampening Effects

Many MEMS devices are operated in resonant modes, which has some interesting
performance implications. All mechanical systems will have specific frequencies at
which amplitude, velocity, and acceleration are maximized. They also have an undamped
natural frequency, w,, which is the oscillating frequency of an unforced system. While in
many analyses, this frequency is called the resonant frequency, resonance actually differs
from the undamped natural frequency by the relationships below:

Displacement resonant frequency, @, = @, il 247 ’ (3-21a)
Velocity resonant frequency, @, = @, (3-21b)
Accelerati f =&
cceleration resonant frequency, @, = e (3-21¢)
Damped natural frequency,w, = @, ,/il -7 ’ (3-21d)

where C is the fraction of critical dampening, which is defined as the system
dampening, or dampening coefficient, divided by the critical dampening coefficient, c.
The critical dampening coefficient describes the minimum amount of dampening required
for a forced system to return to equilibrium without oscillation, and, for a given system

44



mass, m, and stiffness, k, the mathematical expression for the critical dampening
coefficient is given as:[54]
(3-22)
c.= 2vkm

Thus, the resonant frequency is influenced by the system dampening and, if
system degradation leads to increased dampening, there will be decreases in resonant
frequency.

The typical reason to operate a device at resonance stems from the fact that there
is an amplification of system output from the natural response of a structure. The
magnitude of this amplification is quantified by the quality factor, Q, which is defined as

0= Z”XWW (3-23)

where W is the energy stored in a system and AW is the energy dissipated per cycle. The
quality factor also describes the sharpness of the resonance peak. One common method
to measure Q is to determine the frequency range for a system at which vou = vmax/\f2, as
shown in Figure 3-14. For {<< .1, the quality factor can be approximated as:

Ao _1_ 2 (3-24)
o, Q
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Vimax
m
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Figure 3-14: Definition of resonance and Q.
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As a result, operating a device at resonance, allows greater displacements, which
leads to an increase in sensitivity in many systems. However, large structural dampening
can cause changes in resonance that will alter output, which can be a long term reliability
concern.

Figure 3-15 (a,b): The difference in amplitude between a linear resonator operating in resonance,
right, and operating at a non-resonant frequency, left. As can be seen, the device on the right has a
much larger displacement, d, than the device on the left.

MEMS damping is usually caused by the presence of gaseous molecules. There
are multiple kinds of damping caused by the atmosphere and the type of damping depends
largely upon device geometry. For closely packed parallel surfaces, squeeze film
dampening will be predominant. For a rectangular plate of width, 2W, and length, 2L, the
squeeze film fraction of critical dampening is, for small displacements':[135,136]

_8uf(W/LW’L
¢= N (3-25)

where:
f(W/L) = a function of aspect ratio
m = mass of the moving surface
ho = distance between the two surfaces at rest

p = absolute viscosity of air (1.8x10” Ns/m? at 1 ATM)

! The derivation of this equation assumes that oh®x(fluid density)/p <<1.0.
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For a device moving in plane, with an area A, and a separation from the substrate,
h, there will be a structural dampening factor due to Couette flow of:[24]

4 (3-26)

Since the dampening is proportional to the viscosity of air, which is a function of
pressure, some MEMS utilize vacuum packaging to increase performance. The degree to
which a package holds a seal will determine the operating characteristics of these MEMS.
Thus changes that lead to increased dampening of a system will alter output by shifting
resonant frequency and lowering the quality factor.

IX. Additional Reading

H. G. Van Bueren, Imperfections In Crystals, North-Holland Publishing Company,
Amsterdam, 1960.

E. Rabinowicz, Friction and Wear of Materials: 2" Edition, New York, John Wiley &
Sons, 1995.

A. T. DiBenedetto, The Structure_and Properties of Materials, McGraw-Hill, United
States of America, 1967.

47






Chapter 4: Material Properties
B. Stark

MEMS are constructed out of a multitude of materials, each of which has unique
reliability implications.  Different materials have different responses to failure
mechanisms that need to be understood to better device reliability. To help clarify the
purposes of the myriad of MEMS materials, this chapter offers a brief overview of the
materials used in MEMS and provides a listing of their properties.

One of the great debates within the MEMS community has focused upon whether
to use the thin film or the bulk properties of materials in performing structural analysis.
The problem with treating many of these materials as bulk materials is that, when samples
become as small as they do in MEMS, crystal defects are no longer small in comparison
to the size of the structure being analyzed. While most testing is performed on
macroscopic samples, these properties probably do not scale well enough to be used for
MEMS, but are often employed anyway for lack of better numbers. For ultimate
reliability statistics to be determined, the actual properties of a given material made on a
given process line will have to be characterized. Lacking this, approximations can be
made with the available data. This chapter offers the common bulk materials properties
that are generally accepted. For thin films the applicability of these properties is still
somewhat in doubt.

I. Single Crystal Silicon

Silicon is the most common material used in semiconductor devices. In
crystalline form, silicon aligns in a diamond structure, which consists of a face-centered
cubic lattice with a basis of two atoms, as shown in Figure 4-1. The atomic structure of
silicon determines many of its physical properties, which are listed in Table 4-1.
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Crystal structure Diamond

Lattice constant 543 A
Atoms/cm’ 5.0 x 10%
Density 2.32 g/em’
Melting point 1412 °C
Specific Heat 1 J/g-°C
Young’s modulus <100> 130 GPa
Stiffness Constants:
E 165.6 GPa
E12 63.98 GPa
Ey 79.51 GPa
Poisson’s ration <100> orientation | 0.28
Tensile strength 3790 MPa
Fracture toughness .9 MPa m*.5
Thermal conductivity 1.5 W/cm-°C
Coefficient of thermal expansion 4.2 x 10°°C!
Heat Capacity 20.07 (J/mol-K)
Breakdown Field ~3x 10° V/cm
Piezoresistive coefficients
n-type: m; 6.6x10" pa’!
2 -1.1x10"" pa’!
s 138x10-'' pa’!
p-type T, -102x10" pa’!
T2 53.4x10 Pa’!
Tas -13.6x10"! Pa’!
DC dielectric constant 11.7
High frequency dielectric constant | 11.7
Resistivity 2.3x10° Q-cm
Energy Gap 1.12eV
Electron mobility 1500 cm?/V-s
Hole mobility 450 cm?/V-s
Index of Refraction 3.42

Table 4-1: Room-temperature properties of single crystal silicon.[6,17]




As its atomic similarities to diamond might imply, single crystal silicon is a very
hard substance. It exceeds the mechanical strength of steel, but is decidedly more brittle.
Its strength makes silicon ideal for many MEMS structures, as it has the highest fracture
strength of any material commonly used in MEMS. Due to well controlled processes that
yield high purity crystalline structures, silicon has the desirable quality that its mechanical
properties are very reproducible.[6] For these reasons, silicon is often used for high-
quality microstructures.

Figure 4-1: Crystal structure of silicon. (from [96])

The science of silicon growth has developed extensively over the past few years.
Silicon wafers are now produced with dislocation densities on the order of .1
dislocations/cm?, which helps to explain the high fracture strength of the material, These
wafers also have impurity densities less than .03 particles/cmz.

In a diamond cubic lattice, like that of silicon, fracture will normally occur along
the {111} planes. This is due to the fact that these planes have the lowest surface energy
to resist crack propagation. Although fracture along the other crystal planes is certainly
possible, it generally will not occur without the aid of a dislocation to lower its
strength.[47]

As technology progresses, the fact that silicon does not have the superior electrical
and optical properties of other materials has been a minor drawback. Silicon has a lower
electron mobility than some other common semiconductor materials, which impedes high
frequency operation. While this is a concem for digital designers, it is of little import to
MEMS designers, as there are relatively few applications that need mechanical structures
to run at the frequency limits of silicon. On the other hand, the electrical properties of
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silicon have the advantage that they are sensitive to stress, temperature, magnetic fields,
and radiation, which is a characteristic that has been taken advantage of in a number of

solid-state sensors.

3 ”Si conduction GaAs conduction
band B band
2 |
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CRYSTAL MOMENTUM p
Figure 4-2: Energy band structures of Si and GaAs.

An issue of great importance in silicon is its energy band structure. In the first
half of the twentieth century, scientists researching quantum mechanics discovered that
electrons in solids can only have discrete energy levels. These energies are separated into
distinct bands. At the lowest potential, all electrons in a solid occupy the valence band,
which corresponds to the valence orbits in the atoms. After some energy, often in the
form of light or heat, has been added to the solid, electrons will transition into the
conduction band. The distance between these two energy levels, called the bandgap,
determines the fundamental electrical properties of a material. In insulators, such as glass
and rubber, the bandgap will be on the order of several electron-volts. Conversely, in
good conductors, such as most metals, the bandgap will be less than an electron-volt.
Semiconductors occupy the region in between these two areas, with a medium sized
bandgap. As such, intrinsic silicon has a moderate resistivity of 2x10° Q-cm.

While the bandgap determines the electrical properties of a device, it also affects
the optical properties. The energy level of the valence and conduction bands varies
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within a semiconductor material. The bandgap is calculated by subtracting the minimum
of the conduction band from the maximum of the valence band. In some materials, such
as GaAs, these two points line up. Materials in which this occurs are called direct
bandgap semiconductors and have the property that electrons only need to change energy
Jevels to switch band levels, which causes a photon to be emitted when an electron drops
from the conduction to the valence band. Materials, like silicon, where this does not
occur, are called indirect bandgap semiconductors. Electrons in indirect bandgap
semiconductors need to change both momentum and energy to switch band levels, as
shown in Figure 4-2.

Thus, intrinsic silicon, as an indirect band-gap material, cannot be used in the
production of semiconductor lasers and light emitting diodes. This limitation in silicon
has led to research into whole new classes of semiconductor materials that are capable of
emitting light.

IL Polycrystalline Silicon

In applications involving surface micromachining, thin films of silicon are needed
as a structural material. Since it is difficult to grow thin films of single crystal silicon,
thin films of polycrystalline silicon are grown instead.[6] These materials are now
finding extensive use in the MEMS industry.

RESIDUAL STRESS (MPa)
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Figure 4-3: Residual stress as a function of deposition conditions. (from [104))
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The mechanical properties of polysilicon films depends greatly upon the process
used in deposition. The residual stress can be controlled almost entirely by varying
deposition pressure and temperature, as shown in Figure 4-3. Tt has also been discovered
that there is a direct link between the presence of <110> oriented grains and residual
stress in films, although the reasons for this are not entirely clear.[45]

The strength of polycrystalline silicon is less well understood. Different
rescarchers have reported a Young’s modulus ranging between 140 to 210 GPa,[130] with
these values having a dependence on crystal structure and orientation. Recent research
has shown that the Young’s modulus of polycrystalline films is highly dependent upon
deposition conditions. The films exhibit preferential grain orientations that vary with
temperature.  Since an ideal film does not exhibit orientation dependence for its
mechanical properties, researchers have found that depositing films at 590 °C, which is
the transition point between polycrystalline and amorphous silicon, is an effective method
of producing an isotropic film of polysilicon. At this temperature, the amorphous silicon
will recrystalize during annealing, which produces films with a nearly uniform Young’s
modulus of 165 GPa.

In polycrystalline materials, the fracture strength is dependent upon two factors,
the grain size, d, and the fracture surface energy, ¥s. This stems from the fact that the size
of a dislocation is usually governed by the grain size, which, by Griffith’s equation, shows
that the fracture strength of this material 1s:[103,119]

0__4ny 41
1 \’m’ “4-1)

As shown by the equation, the fracture strength is also dependent upon the fracture
surface energy, y,. For small grained polycrystals, the energy needed to fracture a grain
surface increases with grain size.[44] As a result, larger grains will be stronger due to the
increased energy needed to propagate a crack across the material.

In several studies, the mean fracture strength of polysilicon has been found to be
between 2 to 3 GPa, which is clearly less than that of single crystal silicon. Polysilicon
fracture samples have been reported to have a Weibull modulus similar to that of single
crystal silicon, which would indicate a similar reliability of the two materials.[40,44,103]
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111. Silicon Dioxide

Silicon dioxide is commonly used as an insulator in integrated circuits. In
MEMS it is used to electrically isolate components and has been used in some recent
applications as a structural material.[7] Its basic properties are listed for reference in
Table 4-2.

Density 2.65 g/cm

Melting point 1728 °C

Young’s modulus 66 GPa

Tensile strength 69 MPa

Thermal conductivity 1.4 x102 W/°C-cm
Thermal coefficient of expansion | 7 x 10° °C’!
Dielectric constant 3.78

Resistivity 102 Q-cm

Energy gap 8 eV

Index of refraction 1.46

Table 4-2: Room temperature properties of silicon dioxide.[85]

In the crystalline form of Quartz, silicon dioxide exists in the trigonal
trapezohedral class of the rhombohedral system. This class has one axis of three fold
symmetry and three polar axes of two-fold symmetry. Quartz, due to its high
piezoelectric coupling, is occasionally used in MEMS. However, as a result of its high
anisotropy, quartz is more difficult to etch than silicon.[124,125]

Silicon dioxide is a common component of glasses and is, as such, a very weak
and brittle material. Thin films of oxide have a compressive internal stress on the order
of 1 GPa. Despite this, due to the fact that silicon dioxide is less stiff than other thin film
materials and that it has unique electrical properties, it is occasionally used as a
mechanical material in high sensitivity applications. Silicon dioxide, with its low thermal
conductivity, is a natural thermal insulator, a property which has been exploited for the
production of integrated thermal detectors. With a low tensile strength, silicon dioxide is
susceptible to mechanical fracturing.

One major feature of silicon dioxide is its properties as an insulator. With a
bandgap of 8 eV, silicon dioxide can effectively separate different layers of conductors
with little electrical interference. Due to the inherent advantages in being able to integrate
such an effective insulator, silicon dioxide has helped to make silicon the semiconductor
material of choice for most applications.
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IV. Silicon Carbide

In recent years there has been a growing interest in the use of silicon carbide as a
material for MEMS. SiC has many properties that make it well suited for MEMS
applications, although the SiC wafer growth technology has not matured enough to make
it a common MEMS material. Polycrystalline silicon carbide exists in about 180 different
polytypes, with the four dominant structures listed in Table 4-3.

Modification Polytype
a-SiC 6H
(High-temperature modification) 15R

4H
B-SiC
(Low-temperature modification) 3C

Table 4-3: Dominant SiC types.[112]

Due to the fact that SiC exists in its beta form at temperatures below 2000 °C, this
is called its low-temperature modification. Above this temperature, only hexagonal and
rhombohedral polytypes are stable.

The properties of SiC are highly dependent upon the processing conditions and
can vary quite dramatically. These properties are listed for a few different SiC preparation
techniques.

SiC type SiC Density Young’s  Thermal Thermal Flexural

content’ (g/ecm’) modulus  expansion  conductivity strength
(GPa)  coelficient (W /m-K) (MPa)

, , . (10 ch
Ceramic up to]|2.55 100 58 16 30
bonded 95%
Recrystallized | 100% 2.55 240 5.0 28 100
Sintered 95% 2.55 410 4.9 50 450
Hot-pressed 98% 2.55 450 4.5 55 650

Table 4-4: Room temperature properties of SiC.[112]

While not all of these methods are compatible with wafer growth, it should be
apparent that the properties of SiC can vary significantly depending upon processing.

Silicon carbide is used for its extreme hardness and high temperature resistance.
SiC does not have a defined melting point, instead it has a breakdown point of 2830 °C.
At this temperature, SiC decomposes into graphite and a silicon rich-melt. Many SiC
structures are less elastic than silicon, which is useful in certain MEMS applications. SiC
also has a Poisson’s ratio that varies between .183 and .192. The main drawback to SiC
in MEMS has been that the technology used to grow SiC wafers still results in high
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dislocation densities. This lowers the strength of SiC, which prohibits its use in many
applications. For silicon carbide to find widespread use, the techniques used to
manufacture it must continue to mature.[112,113]

Silicon carbide, with a band-gap around 3eV, is a wide-bandgap semiconductor
material. While the exact width of the bandgap depends on the polytype, SiC is a better
natural insulator that Si or GaAs. Intrinsic SiC has a resistivity of 10 Q-cm, although
doping can vary this value from .1 to 10" Q-cm. Silicon carbide also oxidizes readily
above 600 °C to form silicon dioxide by the reaction:[112]

SiC +20, - 8i0, + CO, (4-2)

V. Silicon Nitride

Silicon nitride is a material that is employed in a variety of applications. Since it
does not react well with many etching solutions, silicon nitride is often used to prevent
impurity diffusion and ionic contamination. Its basic properties are listed in Table 4-5.

Property Value'
Density 3.1 g/cm’
Melting point 1900°C
Young’s Modulus 73 GPa
Fracture strength 460 MPa
Coefficient of thermal expansion | 3x107 °C’!
Thermal conductivity 0.28 W /cm-°C
Resistivity 10°Q-cm
Dielectric constant 9.4
Breakdown field 1x10” V/em
Index of refraction 2.1

Band gap 3.9-4.1eV

Table 4-5: Room temperature properties of silicon nitride.[18]

The silicon nitride films used in most MEMS devices are amorphous and are
usually either sputtered or deposited by CVD. These films are made with the following
reaction, which occurs between 300-500 mT and 700-900°C.

3SiH,Cl,(g)+ 4NH (g)—"*—>Si,N,(s) + 6HCI(g) + 6H ,(g) (4-3)

i . . . ..
Varies with processing conditions.
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Stoichometric nitride films have tensile stresses on the order of 1-2 GPa, which
causes large warping. To maintain the structural integrity of the films, they are usually
only grown a few hundred nanometers thick. To avoid this limitation, silicon-rich nitride
films are often used. A common film of Si, (N, ; has been developed that has a Young’s
modulus on the order of 260-330 GPa, a Poisson’s ratio of 0.25, and a fracture strain on

the order of 3%.[45]

The stress of silicon nitride films can be controlled simply by adjusting the
deposition temperature and the ratio of dichlorisilane to ammonia. As shown in Figure 4-
4, nearly zero stress films are grown with a ratio of 4:1 at a temperature of 835 °C.

Residual Stress (kg/mm?)
e
/70 *
D
-

SiH,Cly /NH, Ratio

Figure 4-4: Residual stress in silicon nitride films as a function of processing conditions.
(from [105])

Silicon nitride has many mechanical properties that make it a desirable material to
work with. It is a better thermal insulator than polysilicon, which can be important for
isolating surface micromachined structures. Also, its high mechanical strength makes it
an ideal film for friction and dust barriers.

One of the unfortunate properties of silicon nitride is that it is not as good an
insulator as silicon dioxide. With a bandgap 40% smaller than SiO,’s, the electrical
isolation provided by silicon nitride is significantly less than that of silicon dioxide.
Furthermore, SizN4 forms a low energy barrier towards silicon and metals, which
facilitates the injection of holes into the dielectric at electric fields greater than 2x10°
V/cm. This results in a hysteresis appearing in the capacitance-voltage curve of metal-
insulator-semiconductor structures after the voltage has been swept to large values. Due
to these concerns, some designers like to form most of an insulator with SiO; and then
seal its surface with SizN,.[18]
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VI. Gallium Arsenide

Figure 4-5: Crystalline gallium arsenide. (from[17])

Gallium arsenide is the second most common semiconductor material. It has
some unique properties that make it ideal for use in applications that silicon is ill-suited
for. Initially finding a niche in the Monolithic Microwave Integrated Circuit market,
gallium arsenide, due to its optical properties, has recently been used in the production of
optical MEMS, or OMEMS.

Gallium arsenide forms a face centered cubic lattice with a basis of one gallium
and one arsenic atom in what is called a zincblende structure, as shown in Figure 4-5. The
basic material properties of gallium arsenide are listed in Table 4-6.
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Crystal structure Zincblende

Lattice constant 5.65 A
Atoms/cm’ 4.42 x 10~
Density 5.32 g/cm’
Melting point 1237 °C
Specific heat 35 J/g-°C
Young’s modulus <100> orientation | 85.5 GPa
Stiffness constants:

E[l 118.8 GPa

Elz 53.8 GPa

Eu4 58.9 GPa
Poisson’s ratio <100> orientation 0.31
Fracture toughness .44 MPa m™.5
Thermal conductivity 46 W/cm-°C
Coefficient of thermal expansion 6.86 x 10° °C!
Heat capacity 47.02 J/mol-K
Breakdown Field ~4 x 10’ V/icm
DC dielectric constant 13.18
High frequency dielectric constant 10.89
Resistivity 108 Q-cm
Energy Gap 1.424 eV
Electron mobility 8500 cm’/V-s
Hole mobility ) 400 cm®/V-s
Index of Refraction 3.66

Table 4-6: Room temperature properties of gallium arsenide.[6,17]



AlGaAs has also become an integral part of GaAs processing. New technologies
have started to use this ternary compound in GaAs based MEMS systems. AlGaAs is an
attractive compound because it exhibits many properties that complement GaAs:

Crystal structure Zincblende
Lattice constant 5.66 A
Atoms/cm’ 4.42 x 10%
Density 3.76 g/cm3
Melting point 1467 °C
Specific heat 48 J/g-°C
Stiffness constants:
En 120.2 GPa
Eiz 57.0 GPa
Eau4 58.9 GPa
Fracture toughness 1.7MPam™
Hardness 5 GPa
Thermal expansion coefficient 5.2%10° °C"
Thermal conductivity .9 W/cm-"C
DC dielectric constant -1 10.06
High frequency dielectric constant | 8.16
Energy Gap 2.168 eV (indirect)

Table 4-7: Room temperature properties of AlAs.[17]

Gallium arsenide is not used in the semiconductor industry for its mechanical
characteristics. While sharing many of the same mechanical properties of silicon,[6] it is
significantly weaker, with its Young’s modulus only 54% that of silicon. It, like silicon,
is also very brittle and thus offers no advantages in terms of mechanical performance.

GaAs contains more crystal defects than high quality silicon and, of these, arsenic
precipitates are of paramount importance in determining fracture strength. For a normal
distribution of arsenic precipitates in a large sample, such as a wafer, there will always be
at least one defect large enough to cause small load fracturing. However, for small
samples of materials, it is quite common to have limited defect size, which allow the
manufacture of high stress structures out of macroscopically low stress materials.[17]

Due to the fact that GaAs is not an elemental structure, it exhibits some
mechanical properties that would not be expected from other materials. In GaAs, the
electron cloud tends to shift towards the arsenide atoms, which creates a dipole moment
along the [111] axis. This causes the eight {111} surfaces to have differing
concentrations of Ga and As atoms. As a result, the {111} planes are much tougher than
expected. This toughening causes the {110} planes to be the primary fracture points.[17]
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Gallium arsenide also has a thermal conductivity that is less than one-third that of
silicon and one-tenth that of copper, which makes it a poor conductor. The consequence
of this poor conductivity is that the packing density of GaAs devices is limited by the
thermal resistance of the substrate. Another thermal concern is the fact that brittle
materials becomes ductile at around 35% of the melting point. Corresponding to 250 °C
in GaAs, this marked drop in hardness and increase in fatigue could present serious
problems for high temperature device operation.

Gallium arsenide finds most of its applications due to its superior optical and
electrical properties. As shown in Tables 4-1 and 4-6, GaAs has close to six times the
electron mobility of silicon. Electron mobility, which describes how strongly an electron
is influenced by an electric field, is derived from the laws of basic physics and is related
to Equation 4-4:

vy = —(&JE (4-4)

m %k
where:
va = drift velocity
q = electron charge
f. = mean free times between collisions
m* = effective electron mass
E = electric field

In Equation 4-4, the bracketed proportionality constant is called the electron
mobility. As the equation clearly indicates, electron mobility is directly proportionate to
the mean free time between collisions, #.. This number is in turn a function of the lattice
and impurity scattering of electrons. The lattice scattering is a result of thermal vibration
and increases with temperature until it becomes the dominant factor, as impurity
scattering is a constant function of doping levels. Thus, the electron mobility is a function
of temperature, which changes based on the intensity of device operation. As a result of
this, the electron mobility of GaAs is not always six times that of silicon, as it may often
only be double that of silicon.[1]

With the electron mobility determining maximum operating frequency and with
GaAs always having a greater electron mobility than silicon, GaAs can operate at higher
frequencies than silicon, which has made it an ideal material for many communications
applications. However, for MEMS, these factors are limited in their import. While some
high frequency GaAs systems are attempting to integrate MEMS components, most GaAs
MEMS devices will operate at significantly lower frequencies due to the mechanical
limitations of the systems.

Gallium arsenide also has a larger energy band gap than that of silicon, which
means that it is a better natural insulator. Through the introduction of either oxygen or
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chromium to the GaAs melt, it can further be turned into a semi-insulating material. This
provides a substrate that isolates components and performs many of the same tasks, albeit

not as effectively, as silicon dioxide.

The other significant advantage that GaAs has over silicon is that it is, as
discussed previously, a direct band gap semiconductor material. This has enabled whole
classes of optomechanical devices to be developed. It is this property that allows
semiconductor lasers and LEDs to be made out of GaAs and it will undoubtedly be
exploited more in the future.

While gallium arsenide does have significant advantages over silicon there are

also some major drawbacks. There are no stable insulating oxides and nitrides in GaAs
technology. This means that it is difficult to manufacture reproducible passivation layers.

VII. Metals
Metals are used in MEMS as electrical conductors and occasionally as structural

material. The metals used in MEMS are, unlike the materials discussed previously,
ductile. That means that they will plastically deform if stressed past the yield strength.
Plastic deformation results in a non-zero strain with zero applied stress, which appears as

a shift in the stress strain curve, as shown in Figure 4-6.
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Figure 4-6: Stress versus strain curve for a ductile material. There is a clearly marked yield point,
after which plastic deformation occurs. If the material is stressed past this point and then unstressed,
the curve will decrease parallel to the elastic deformation section, as illustrated by the dotted line.



A. Aluminum

Aluminum is commonly used in MEMS as a sputtered film placed over a
processed structure. By covering a structure with a conductive film, equipotential
surfaces are created on a device, which are critical to the operation of many electrostatic
device. Aluminum is also commonly used as an electrical conductor in semiconductor
technologies.

Aluminum, like most metals, is often alloyed with other substances to improve its
structural properties. The alloys of aluminum are numerous and are offered in great detail
in Reference [111]. Pure aluminum has many properties that distinguish it from other
materials used in MEMS. Listed in Table 4-8, the properties of aluminum have been both
a boon and an area of concern for researchers over the past decades.

Density 2.71 g/mI

Melting Point 659°C
Specific Heat 0.90 J/g-°C
Young’s modulus (bulk value) 70 GPa
Poisson’s ratio .35

Ultimate tensile strength 110 MPa
Ultimate shear strength 70 MPa

Yield tensile strength 100 MPa
Yield shear strength 55 MPa
Thermal conductivity 2.37 W/cm-°C
Coefficient of thermal expansion | 23.6x10°°C"!
Resistivity 2.82x10° Q-cm

Table 4-8: Room temperature properties of 99.6% pure aluminum.[46,101,111]

The mechanical properties of aluminum are considerably poorer than Si and
GaAs. With a Young’s modulus that is less than half that of silicon, it is clearly a more
ductile material. However, since the yield strength of aluminum, at 100 MPa, is at least
an order of magnitude below the fracture strength of Si and GaAs, aluminum is rarely
used as a structural support in MEMS.

For a considerable amount of time, aluminum was the only good conductor that
could easily be integrated into ICs. Since aluminum forms Al,O; bonds with Si0,, it is
simple to adhere it to passivation layers. This fact lead to its widespread implementation,
despite the fact that materials existed with better electrical properties.



B. Gold

Gold is a substance that is finding increasing use in the MEMS field. While not as
common as aluminum, it has many of the same features with some added advantages. Its
properties are listed below for reference.

D 19.3 g/mI

ensity
Melting Point 1063°C
Specific Heat 0.13 J/g-°C
Young’s modulus (bulk value) 75 GPa
Poisson’s ratio 42
Ultimate tensile strength 125 MPa
Thermal conductivity 3.15 W/cm-"C
Coefficient of thermal expansion | 14.2x10°°C"
Resistivity 2.44x10° Q-cm

Table 4-9: Properties of gold.[46,102,111]

Gold is not a material known for its strong mechanical properties. It is a soft,
ductile material that is easily deformed. As a result, it is not used as structural material.
Instead, it will almost always be layered on top of a more rigid material or be used in
applications that do not require mechanical motion. Gold does have problems adhering to
SiO,, but there are some established methods to circumvent them. One method employed
is to use an intermediary layer of chromium as an adhesive, since it forms Cr,O; with
Si0, and also strongly bonds to gold.

The main impetus for the use of gold in MEMS applications has been the fact that
it is a better electrical conductor than aluminum. In applications where high conductivity
is of paramount importance, gold is often the material of choice. One of the attractive
properties of gold is that it is a fairly inert material. This means that its surface does not
readily oxidize in atmosphere, which helps to maintain its conductivity in atmospheric
applications.

C. Copper

With the recent integration of copper into ICs, it will only be a matter of time
before copper becomes integrated into MEMS. Since many designers hope to eventually
place MEMS in system-on-a-chip devices, it is of paramount importance that low power
systems, that must therefore employ copper, can be developed. Copper has some unique
properties that make it worth the effort to integrate, as shown on the following page.
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Property _Value
Density 8.89 g/m
Melting Point 1083°C
Specific Heat 0.39 J/g-°C
Young’s modulus (bulk value) 115 GPa
Poisson’s ratio 0.36
Ultimate tensile strength 220 MPa
Ultimate shear strength 150 MPa
Yield tensile strength 100 MPa
Thermal conductivity 3.98 W/cm-°C
Coefficient of thermal expansion | 16.6x10°°C"!
Resistivity 1.72x10° Q-cm

Table 4-10: Properties of 99.99% copper.[46,101,111]

Copper is actually a slightly stronger material than pure aluminum. However, it is
unlikely to be used as anything but a conductor in the near future due to the fact that it
does not adhere especially well to silicon, which makes it likely to delaminate. The
ability of copper to find a niche in the MEMS community will largely hinge upon the
strength of the adhesive bonds that can be formed. Copper is an excellent thermal
conductor, which will prove useful in many applications.

The main reason that large investments have been made into the development of
copper in ICs and MEMS s that it has a higher conductivity than aluminum and gold.
This means that it will dissipate lower amounts of heat and waste less power. Thus, there
is a great incentive to integrate copper into the MEMS industry in general and in the space
MEMS industry in particular.

VIIL. Polyimides

Polyimides are a class of organic films that have proven promising as a possible
replacement for SiO; as an insulator in microelectronics. There are a number of different
commercially available polyimide films used in the semiconductor industry and their
properties vary significantly. The main reason for the investigation of polyimide films is
that they offer a new generation of low permittivity dielectrics, some of which have been
reported to have a permittivity of less than 2g,. Since lower dielectric constant insulators
dissipate less power in FETs, these materials may begin to find their way into the MEMS
community. The materials properties of a PMDA/BPDA/TFMOB polyimide film have
been fairly well investigated and are offered below.
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Young's Modulus (in plane) 7.5 GPa

Young's Modulus (out of plane) 8.0-15.0 GPa

Shear Modulus 1.0-10.0 GPa
Poisson's Ratio(in plane) 0.35
Poisson's Ratio (out of plane) 0.1-0.45
Dielectric coefficient 2-4

Coefficient of thermal expansion | 6.0x 10° ¢!

Table 4-11: Properties of PMDA/BPDA/TFMOB polyimide.

Polyimides are a weak class of materials. Their main function in MEMS has been
in circuits and as a layer of chemically active sensor materials on membranes and
cantilevers. As such, polyimides are generally not considered for structural applications.

The main impetus for developing polyimides was that they could have a lower
dielectric constant than SiO,, which could represent a major reduction in power
consumption on integrated circuits. Thus, much like copper, polyimides are likely to find
introduction into the MEMS market through their inclusion in the consumer electronics
market. As good insulators, polyimide films have a myriad of possible uses in the
semiconductor industry.

IX. Additional Reading

Michelle M. Gauthier, Engineering Materials Handbook ASM desk edition. Materials
Park, OH, November 1995.

K. Hjort, J. Soderkvist and J. -A. Schweitz, “Gallium Arsenide as a Mechanical Material”
Journal of Micromechanics and Microengineering, Vol. 4, No. 1, 1994.

D. Bloor, R. J. Brook, M. C. Flemings and S. Mahajan, eds. The Encyclopedia of
Advanced Materials, Elsevier Science, Ltd., New York, 1994.

! These values will vary by manufacturer.
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Chapter 3: MEMS Device Processing
B. Stark and W. C. Tang

The growth of MEMS has largely been due to innovations in processing
technologies. Adaptations in the processes used to manufacture integrated circuits have
led to the development of MEMS and will continue to define the dimensional limitations
in devices. It is ultimately these technologies that determine the specifications and
reliability characteristics of any given device. As such, they are critically important to
understanding MEMS. This chapter offers a brief overview of the most common
processing techniques used today. It then describes the integration of these techniques
into micromachining.

In the fabrication of common MEMS devices, there are two basic techniques
employed. Devices can be constructed by patterning the bulk material of a wafer into a
desired structure or, alternatively, by patterning thin films of material deposited on the
surface of a wafer. These two processes, respectively called bulk and surface
micromachining, are the basis for any MEMS fabrication technology.

| B Microfabrication Processing Steps

There is a variety of processing techniques that are often used in all MEMS
processes.[6] The degree to which they are successfully implemented in any given
technology determines the viability of the technology. They are listed below to give a
basic description of MEMS processing.

A. Thin Film Growth and Deposition

Thin films are an essential building block of semiconductor devices. Surface
micromachined devices are constructed entirely out of successive layers of thin films and
bulk micromachined devices that employ thin films of silicon dioxide for electrical
isolation. There are several common methods for placing thin films on MEMS that are
discussed in this section.

i) Spin Casting

In this process, a material is in a solution with a volatile liquid solvent. The
solution is poured onto a wafer, which is rotated at high speed. As the liquid spreads over
the surface of the wafer, the solvent evaporates, leaving behind a thin film of the solid
material, which can be anywhere from .1 to 50 um thick. Spin casting is useful for
depositing organic materials, such as photoresist, as well as inorganic glasses. Spin
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casting blurs the underlying topography of a structure, yielding a smooth surface. Spun
cast materials are susceptible to severe shrinkage whenever the film coalesces, either from
solvent removal or post-bake. This means that spin cast films have an inherently high
residual stress. Spin cast films are also less dense and more susceptible to chemical
attack than materials deposited by other means.[6]

if) Evaporation

Another way to place a material in a thin film on a wafer is to evaporate them
from a hot source The evaporation system uses a vacuum chamber, which is pumped
down from 10 to 10”7 Torr. A crucible is then heated to flash- -evaporate material onto a
sample. This process is controlled by a shutter, which limits the amount of time in which
the wafer is exposed to the crucible. The thickness of the film is governed by the length
of time that the shutter is open and is also a function of the vapor pressure of the material.
Thus materials with a high melting point, such as tungsten, require high temperatures to
evaporate, which can burn organic films that are on the wafer. Since evaporated films
originate from a point source and the vaporized materials travel in a straight path, they
suffer from shadowing effects that yield non-uniform thickness and poor step
coverage.[6] A second factor affecting the coverage is the surface mobility of the species
on the substrate. As a general rule, evaporated films are highly disordered, which causes
a large residual stress and limits the thickness of the films.

Chamber

/’,..." \Q‘\/
Vacuum ,;f
[ e

- Vent gas

Figure 5-1: A typical evaporation system. (after [46])
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iii) Sputtering

Sputtering is a thin film growth technique that eliminates many of the problems
inherent to flash-evaporation. Sputtering works by inserting a wafer into a vacuum
chamber that is subsequently pumped down to between 10" and 10°® Torr. Then an inert
gas of a few mTorr of pressure is introduced into the system, which is then ignited into a
plasma. The highly energetic ions of the plasma strike a target of sample material and
tear atoms Off its surface. These atoms then form a thin film across the wafer. This
process creates a continuous planar flux of the species landing on the wafer, which makes
preferable for mass production.[6] Another desirable aspect of sputtering is that the high
energy plasma does not have the same temperature problems inherent to evaporation.
Most elements and many inorganic and organic compounds can be sputtered. Refractory
materials that are difficult to evaporate can be easily sputtered as well. Sputtering can
also be done with more than one target, which allows control of the atomic composition
of thin film alloys. Sputtered films have better step coverage and uniformity than
evaporated films, but they are disorganized structures whose mechanical properties and
residual stresses are sensitive to sputtering conditions. Problems also arise from the inert
gas used in the sputtering process, which can become trapped in the film and cause
inconsistencies in the mechanical properties of the films.[46]

Figure 5-2: Basic sputtering system. (from [461)
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iv) Reactive Growth

Reactive growth differs from the previously mentioned methods in that it utilizes
chemical reactions with the substrate to construct thin films on wafers. The most
common example of this process is with the growth of oxide films on silicon wafers. In
this process, a wafer is placed into a furnace with oxygen gas (dry oxidation) or steam
(wet oxidation). The silicon is gradually oxidized at a highly predictable rate that
depends upon temperature and crystalline orientation.

concentration
gradient

02

reaction of O, and Si at
Si0,/Si interface

Figure 5-3: Reactive growth process.

Reactively grown films are usually of excellent quality but suffer from large
residual stresses due to volume changes in the processed sample. In silicon dioxide
growth, there is a volume change of about 45%, which causes mechanical warping.
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v) Chemical Vapor Deposition

Chemical vapor deposition, or CVD, involves thermally breaking down gaseous
compounds into their components. When they impact a wafer, some of these components
nucleate onto it, which grows a thin film. CVD is limited by both the mass transport and
reaction-limited processes, with the latter method being preferable due to its better
uniformity. This process can be used to deposit many common semiconductor materials,
including silicon dioxide, silicon nitride, polycrystalline silicon, and refractory metals. In
low pressure thermal CVD, or LPCVD, films with the most desirable mechanical
properties are produced. Unlike other methods, CVD films can be deposited conformally
on a sample. This property allows CVD films to seal cavities, which can be advantageous
in many devices. The stresses and mechanical properties of CVD films can be controlled
through the deposition conditions and subsequent annealing. A CVD process called
epitaxial growth can be utilized to grow single crystal films on crystalline substrates.
Since these films have the same properties as bulk crystals, they could find a multitude of
applications in the MEMS industry.

Figure 5-4: A chemical vapor deposition system. (from [179])
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vi) Plasma Deposition

Plasma-induced reactions are commonly used for the deposition of MEMS
materials. The decomposition of gaseous compounds into reactive species can be induced
by the presence of a plasma. This process is known as plasma-enhanced CVD or
PECVD. This process utilizes a plasma that contains many ionized species. Some of
these species are then deposited on the substrate, which forms a solid film. PECVD films
are deposited at a faster rate and require a lower deposition temperature than thermal
CVD films, which permits deposition on low-melting point substrates. A number of
organic films can also be deposited through PECVD. These films find use as resists for
nonplanar substrates. However, PECVD films contain cracks and pinholes. Accurate
control of the stoichiometry is difficult as these films contain trapped byproducts from the
reaction (especially Hy) that affect the film's mechanical integrity and residual stress.

. [ ]
Positive c Negative
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Figure 5-5: The basic photolithographic process in a cross sectional view. First a thin film is
deposited on the substrate in (a) followed by the photoresist in (b). UV rays are then focused through
a mask onto the surface in (c). Depending upon the type of photoresist, the exposed resist is either
removed or left intact in (d). Next, the film is stripped away in places that it is not covered by resist
in (e). Finally all of the resist is removed in (f). (from [158])
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B. Photolithography

Photolithography is the process by which patterns are transferred onto a wafer. It
is accomplished by spinning a thin layer, usually 1 pm thick, of photosensitive organic
material, called photoresist, onto the wafer. Then a light source, which typically has an
ultraviolet wavelength, is flashed through a computer generated quartz mask and focused
onto the photoresist. Then, in a process similar to photographic picture development, the
photoresist that has been exposed to light is washed off with the aid of a chemical
developer. The remaining resist then acts as a barrier for the underlying regions for
further processing. After the processing on the exposed layers has been completed, the
resist is washed off and a clean processed wafer is left. This process is typically repeated
many times with different mask sets for many of the most common integrated circuits
fabrication processes. There are several critical sub-processes in photolithography that
need to be addressed as well.

Figure 5-6: Typical alignment machine.

i) Mask Fabrication

The quartz mask is generated by photolithography as well. This process utilizes a
glass plate with chromium or emulsion patterns and entails the use of a computerized
mask making machine. It starts with a pattern for the mask being entered into the
computer through commercially available CAD tools. The pattern is then broken down
into small rectangular regions transferred to a mask-making machine. Then a glass plate
coated with light blocking chromium or emulsion and photoresist is exposed. The data on
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the computer is used by the mask maker to position the mask and determine the size of a
variable aperture shutter on the ultraviolet light source. Each of the rectangular boxes is
then individually exposed onto the plate. Depending upon the design, this process may be
repeated over one hundred thousand times before the mask is finished. After this
exposure step, the photoresist is developed and the chromium or emulsion patterns are
etched.

if) Alignment and Exposure

In processes that require multiple masks, each mask layer must perfectly match the
features on the substrate. This is done by aligning the mask to special features, called
alignment keys, on the wafer prior to exposure. A typical mechanical alignment utilizes a
sample, mask holder, a stereoscopic microscope, an ultraviolet light source, and a
precision positioning stage, as shown in Figure 5-6. This can either be done with a
stepper aligner, which exposes one die at a time, or with a contact aligner, which exposes
the whole wafer at once. Often in MEMS, the fabrication process requires
photolithography to be performed on both sides of a wafer. To accomplish this, two
masks are aligned with each other inside a secure assembly. Then the wafer is inserted
and aligned with one of the two masks before being exposed to the ultraviolet light
source. There is also an alternative method employed that uses an infrared microscope to
locate alignment keys on the back-side, which could offer better alignment precision.[6]

C. Etching and Patterning Techniques

After a pattern has been transferred onto a wafer, it is often necessary to strip away
unwanted sections of materials. This process, called etching, determines the dimensions
of a MEMS structure. Invariably the reliability of a device will be related to how well the
etching is performed and, as such, it must be well understood before a device can be
qualified. There are several standard etching techniques used throughout MEMS
processing that will be discussed in the following sections.

i) Lift-off

Lift-off is a simple patterning technique. It is accomplished by depositing a layer
of sacrificial material, like photoresist, on a substrate. This layer is then patterned, which
usually involves the photolithographic processes discussed above. Then a layer of
structural film is evaporated onto the substrate. The pattern on the sacrificial layer is then
transferred to the structural layer by removing the sacrificial layer. This has the effect of
removing all of the structural material that is on top of the sacrificial layer, thus leaving a
patterned structural film.
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ii) Wet Etching

Wet etching involves immersing a wafer patterned with photoresist or other etch
masks in a chemical bath. The chemical etchant selectively removes material not covered
with the mask. The exact profile of the patterning depend on the anisotropy of the etch.
Wet etchants all exhibit a degree of isotropic behavior. This has the effect of
undercutting the patterned structure, making it smaller than the resist mask. The degree
to which the etchants etch the <100>:<110>:<111> directions is responsible for
determining the maximum aspect ratio of many structures. Another important aspect of
many etchants is their ability to selectively etch one material over the other. Called
selectivity, this ratio determines how thick etch stops must be and provides dimensional
limits on many technologies.

There are several different chemicals used in wet etching. Acidic etches are used
for isotropic release etches. These are usually completely isotropic etches that are
designed to separate suspended structures from the underlying substrate. Common acidic
etchants are HF, HNO3, and CH;COOH. These chemicals etch from 50 to 150 pm/h.
SiO, is often used as an etch stop for these materials, as it is usually etched at a rate of 2
pm/h.

For an anisotropic etch, alkaline etchants are commonly used. These exhibit
different degrees of selectivity and etch rates. Typically these chemicals etch <111>
planes much slower than the <100> and <110> planes. This effect and its impact upon
MEMS devices is discussed in greater detail in Section 5-IIA. Some etchants can also be
influenced by the introduction of boron into the bulk material, which can greatly reduce
the etch rate. It is also possible to influence etch rates in a process known as
electrochemical etching, which involves applying a voltage across a p-n junction.

iii)  Dry Etching

Dry etching, also referred to as reactive ion etching, or RIE, involves using
etchants in a gaseous state. The etchant is converted to a highly ionized plasma. Dry
etching is performed in a chamber pumped down to a pressure between 10 mTorr and 1
Torr. A wafer is placed between two electrodes, which are then exposed to an RF
voltage, which creates a plasma in the chamber. Etching occurs when highly reactive free
radicals in the plasma react with the solid-phase material of the film. The anisotropy of
the etch is a result of the chemical reaction being preferentially enhanced on the side of
the wafer parallel to the electrodes by bombardment from ions in the plasma. The ions
impinge the surface of a film and expose underlying material, which is then etched away
by the gas. The ions accelerate the etching process considerably, which means that the
vertical sidewalls of the wafer, which do not interact with the ions, are not affected by dry
etching.

77



GaAs anisotropic etching is usually performed in chlorinated gasses. One of the
problems with GaAs etching is that, due to differences in the etch rates of group III and
group V halides, the speed of etching in GaAs varies with crystal planes. In low power,
high pressure Cl, gasses, significant faceting can occur. There are several methods that
can be used to avoid this problem. It is possible to add certain compounds to form
polymers in the plasma and passivate the side walls, thus preventing the problem.
Another possibility is to use hydrides to etch arsenic and methane to etch gallium. A
mixture of AsH; and between 5 to 25% methane has been shown to be an effective
anisotropic etchant.[46]

One of the major drawbacks to reactive ion etching is residual damage caused by
the etch. With ion fluxes of 10'® ions/cm? delivered at 300 to 700 eV, substrate damage
and chemical contamination are serious issues to consider. Another problem is gas phase
particle deposition and metallic impurities originating from the RIE chamber and
electrodes, Several more complex techniques have been derived to remove these
problems, but they come at added expense and preparation time. It is also known that the
RIE can drive impurities into the bulk material to depths of 30 nm, which can limit the
fracture strength of a structure.[46]

II. MEMS Fabrication Processes

A. Bulk Micromachining

The distinguishing characteristic of bulk micromachining is that it fabricates
micromachined devices out of the bulk of a substrate. In recent years, several variants of
this procedure have appeared that utilize different etching and patterning techniques. In
this section, a brief overview on bulk micromachining will be offered that will include the
most prevalent processing techniques.

Bulk micromachining begins with a single crystal substrate. A thin film of
material that is inert to the chemical etchants is then deposited on the substrate. For
silicon substrates, silicon oxide or nitride are most commonly used as an etch mask. Then
the film is patterned so that the undesired portions of the film are removed. This leaves
the bare substrate exposed.

At this point, the bulk material is etched. The etching of the bulk material can
either be performed with a wet or a dry chemical etchant. Since the processes associated
with these etches are substantively distinct, they will be individually addressed.
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i) Bulk Micromachining with a Wet Etch

4_oxide

% (a)

Figure 5-7: A side view of a generic bulk micromachining process. (a) an oxide layer is grown and
patterned on top of a <100> silicon wafer. (b) Boron is ion implanted and annealed to the suitable
depth. (c) a second oxide layer is grown and patterned. (d) KOH anisotropic etch.

The process associated with the wet chemical etching of silicon is illustrated in
Figure 5-7. As the figure shows, this anisotropic etch occurs in diagonal direction. This
is a common feature of wet anisotropic etches. Since the early 1960s, alkaline solutions
have been used to etch silicon along crystalline planes. The etch rate is slowest in the
<111> direction and fastest in the <100> and <110> directions. The result of this uneven
etch rate is that the bulk material is etched at an angle of 54.74°, which is the angle
between the (100) surface and the four {111} planes. The ratio between the etching in the
desired directions and the etching in the undesirable directions is defined as the
selectivity. An etchant that has a better selectivity will yield a more defined, and hence
better, finished structure.

There are several characteristics of anisotropic etches that lead to important design
considerations. The major constraint is that designed features must be bound by the
{111} planes thus the resulting structures are necessarily rectangular, with sidewalls
sloping away at 54.74°. The use of less popular <110> oriented Si wafers yields vertical
sidewalls but the planar features can only be long parallel strips on the substrate, which
have limited use. In recent years a number of groups have begun exploring dry etching
processes that offer the possibility of anisotropic etchings.
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Figure 5-8: A side view of one of the dry etch micromachining processes. In Step 1, an oxide coating
is grown on top of the substrate and patterned. Then, in Step 2, a reactive ion etch removes silicon
and transfers the pattern from the oxide. Step 4 exposes the bottom of the wafer for Step 5, etches a
small amount of substrate. This allows Step 6 to proceed, which is an anisotropic etch that releases
that structure from the substrate and often deposits a layer of metallization to create an conductive
surface.

ii) Bulk Micromachining with a Dry Etch

Bulk micromachining involving dry etching is performed in much the same way
as bulk micromachining with a wet etch. One example of a dry etching process is the
SCREAM process, which was developed at Comell under the supervision of Noel
MacDonald and is illustrated in Figure 5-8. This process is conducted by transferring a
pattern onto the substrate. Then, a reactive ion etch is performed. Normally after this, a
second deep etch is performed to expose oxide-free silicon. From this point, an isotropic
etch can be performed to release the whole structure, which creates high aspect ratio
structures suspended above the substrate.[180]

There are multiple methods employed to produce finished devices through a
reactive ion etch. While the processes vary by research group, all employ a deep reactive
ion etch that can create aspect ratios higher than 20:1. It is the ability to produce these
high aspect ratio structures, which can have higher mass and capacitance per silicon
surface area than many other MEMS technologies, that has helped to drive the
development of RIE in MEMS production.

In the production of bulk micromachined devices, it has proven useful to layer
devices. The most common method of achieving layered bulk micromachined devices is
by bonding two wafers together. For this reason, different wafer bonding techniques will
be addressed.
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iii) Wafer Bonding

Wafer bonding has been used in recent years for both sealing microsensors and for
the construction of composite sensors. There are several kinds of wafer bonding
techniques commonly employed, which are discussed below.

(1) Anodic Bonding

Anodic, or electrostatic, bonding is a process that bonds a conductive substrate,
which is usually silicon, to a sodium rich glass substrate. This is done by putting the two
substrates into direct contact. They are then heated to between 350-400 °C, which
mobilizes the sodium ions in the glass. Then a voltage of 400-700 V is applied between
the two substrates, with the glass substrate being made negative with respect to the silicon
wafer. This repels the sodium ions from the interface and creates an ion-depletion region
about a micron thick with electric fields on the order of 7x10% V/m. This creates an
electrostatic pressure of several atmospheres, which pulls the two wafers together while a
thin layer of SiO, is formed. The end result of this process is a hermetically sealed bond
with a strength that exceeds that of the individual substrates.

There are several reliability concerns in producing these bonds. The high
temperature at which the bond is formed can induce thermal mismatch warping in a
processed device. There can also be warping at the bonding interface from unmatched
thermal coefficients of expansion. Currently, Corning glass 7740 offers the closest match
to silicon. Another concem is the introduction of the large voltages and electric fields
inherent to the bonding process. It is possible to destroy the device in the bonding
process if these factors are not considered.[6]

(2)  Low-Temperature Glass Bonding

Low-temperature glass bonding offers a viable alternative to anodic bonding for
applications where high voltages are unacceptable. In this process, the bonding interface
is covered with a thin film of low-temperature glass. The wafers are then placed into
contact under pressure and heated to create the bond. The low-temperature glass then
either melts or crystallizes, depending upon the actual glass used, which bonds the two
substrates. In general, these bonds are not as strong, and thus less reliable, as anodic
bonds.

In some applications, glass frits are used to form bonds. These frits are solutions
of metal oxides that form a paste. Under pressure, the frit will form a film that seals
rough surfaces. This film can be hardened by heating it to between 300-600°C. The
thermal expansion coefficient of these frits can range between two to five times more than
that of silicon, which can lead to warping problems.
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(3) Fusion Bonding

Fusion bonding is a technique that fuses two materials together through high
temperature. This process is used commonly in the production of silicon-on-insulator
devices and pressure sensors. It is accomplished by taking two clean wafers and placing
them on top of one another. This bonds the two wafers through Van der Waals forces.
They are then placed into a furnace to create the final bond at temperatures in excess of
1000 °C.

While this process creates strong bonds it has some serious drawbacks. High
furnace temperatures prohibit the use of active devices in the wafer prior to bonding.
Furthermore, the weak initial bond makes the final bond strength very sensitive to the
surface topology of the wafers and the presence of contaminants. For these reasons, these
bonds are not always the most reliable and are often difficult to use.

iv) Reliability Issues

Figure 5-9: Hillocks caused by wet etchants.

Bulk micromachined devices have reliability concerns that vary with the processes
used to fabricate them. One problem with using wet etchants is that they create sharp
corners in silicon. These corners are natural stress concentration points that will weaken
the strength of a structure. The use of chemical etchants can also lead to rough features
on the surfaces of processed structures. The features, called hillocks in the literature, are
a periodic undulation in the silicon. The presence of hillocks, which has been measured
as high at 10pm, precludes many electrostatic devices from operating properly.
Furthermore, hillocks create natural stress concentation points that are more likely to
fragment over time, which can create destructive free particulates in the MEMS device.

Dry etching can have reliability problems caused by the reactive ion etch. While
the sidewalls created by these etches are intended to be vertical, they often have irregular
features. Poor control over the conditions inside the etching machine can lead to
unintended geometric effects on finished devices, as shown in Figure 5-10. A study
conducted at Carnegie-Mellon University[168] has shown that the O, flow rate, pressure,
and RF power density of the RIE machine can influence the formation of different
sidewall features. Devices produced that have these uneven sidewall features will have
questionable reliability characteristics, as these features are indicative of a poorly
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controlled process line. Devices with these features will also depart from predicted
operational characteristics and, as a result, devices made with dry etches need to be
screened for these characteristics. One positive feature of using an RIE system is that it
produces more rounded corners than wet etching. As a result, these structures are not as
prone to fracturing as wet etched devices.

Re-entrant Vertical Tapered

Notched Ripples
Figure 5-10: Possible sidewall features created by a poorly controlled RIE. (from [181])

B. Surface Micromachining

Surface micromachining is a process that offers many advantages and
disadvantages different from bulk micromachining. Surface micromachining differs from
bulk processes in that devices are fabricated entirely out of thin film materials. One of the
most attractive features of this process is that it, like reactive ion etching, does not suffer
from the 54.7° feature enlargement common to bulk micromachining with wet etchants.
A key design feature of surface micromachining is the choice of structural and sacrificial
thin films.

A typical surface micromachining process starts with a silicon substrate passivated
by silicon nitride. Upon this substrate, a thin film of sacrificial oxide is deposited. This
film is then patterned according to the device’s design. After this, a layer of thin film
polysilicon is deposited to form the structural material. The most common method of
deposition is through LPCVD, which can either produce polycrystalline or amorphous
silicon films depending upon reaction temperature. This process allows tight control
over the residual stress in the films. After this, the oxide layer is often removed by
immersing the structure in a HF solution. For most surface micromachining, the process
of depositing a layer of oxide, followed by a layer of polysilicon will be repeated several
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times to produce multi-layered structures.
developed by MCNC that uses three layers of polysilicon.[144]
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Figure 5-11: The surface micromachining process using three layers of polysilicon. (from [144])

Figure 5-11 shows a common process



The ability to layer structures in surface micromachining has piqued the interests
of many researchers. It allows for the construction of structurally complex sensors that
are difficult to fabricate with bulk processes.

i) Reliability Issues

Another consideration that needs to be addressed in these devices relates to their
mechanical properties. While bulk materials have well understood properties, the
mechanical attributes of surface micromachined devices depend upon thin film processing
conditions. To ensure reproducible devices, these conditions must be well controlled. In
particular, many of the materials used in these devices have large built-in stresses which
affect the performance of the device to a variable degree (Figure 5-12).

Figure 5-12: MEMS structure with a large residual stress. (from JPL)
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Surface micromachined devices also have adhesion problems that are inherently
worse than bulk micromachining.  Cantilever beams are produced in surface
micromachining on top of a sacrificial oxide layer, which is removed by immersion in an
HF bath. Then the structure is cleaned in de-ionized water. After this, a of 5-30A thick
oxide layer will form on the surface of the polysilicon. There will also be hydroxyl
groups in the oxide layer, which have a high surface energy. This makes the oxide layer
extremely hydrophilic, which creates a strong capillary force between the beams and the
substrate. This capillary force will pull the beam to the substrate and create an adhesive
bond between the beam and the substrate.

There are several methods now used to prevent released structures from bonding
to the substrate. Several groups, including those led by R. Howe at Berkeley and N. Tien
at Cornell, utilize a thin film of self assembled monolayers on the surface micromachined
device. The monolayers are hydrophobic, which creates a repulsive force between the
substrate and the suspended structures, which effectively prohibits adhesive bonds from
forming. However, it remains unclear what impact the monolayers will have on the long
term reliability of these devices. Another method that prevents the creation of adhesive
bonds involves using polyimide as a sacrificial material. This technique, developed by
Gregory Kovacs at Stanford University, utilizes aluminum structures that are released in
an oxygen gas. Since this process does not utilize any liquids, no adhesive bonds are
formed.

C. LIGA

LIGA is a German acronym that stands for lithography, electroplating, and
molding. LIGA was developed to produce high aspect ratio structures. LIGA offers some
unique properties that makes it an interesting technology. LIGA enables the construction
of structures with the thickness of bulk micromachining with a degree of design freedom
similar to surface micromachined devices. This technology offers structures several
hundred microns thick, with a minimum feature size of only a few microns.
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Silicon Substrate’

Fig. 1 Fabrication is done on a (100) silicon wafer with a 0.5um oxide laver. A
plating basa is formed by sputtering 300nm of Ti and 5000A of Cu with 4 top
fayer of 300A Ti. The Ti and Cu also act as a release layer. Thick photoresist

is applied and exposed using x-rays from a syncholron and developed with a
solvent.

g Plating Base
ide

27y

Fig. 2 The desired metal, in this case nickel, is electroplated onto
the subsirate, filling the voids in the PMMA.
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» 5 Plating Base
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_ ____Silicon Substrate
Fig. 3 The metal and PMMA are milled back fo produce a uniform top surface.

Reloasad
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Silicon Substrate
Fig. 4 Finally, the PMMA is removed. If desired, the customer can

relaase the structures from the substrata by etching away the
plating base in an NH402 .fHZO 2 solution.

Figure 5-13: The basic LIGA process. (from [144])

The LIGA process begins by depositing a layer of thick photoresist, usually poly-
methyl methacrylate, or PMMA, that is between 300 and 500 um thick onto a conductive
substrate. The PMMA is then patterned with short wavelength radiation from an X-ray
synchrotron source for several hours. Then a layer of metal is electroplated onto the
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exposed area of the conductive base plate, which fills in the open areas created by the
patterning. Then the metal structure is separated from the PMMA mold, as shown in
Figure 5-13. This metal structure can in turn be used as a mold insert for injection
molding to form multiple plastic replicas of the original plating base. These plastic
replicas can then be used to make multiple copies of the original structure.

The LIGA technique involves some advances beyond semiconductor processing.
The X-ray source must be capable of delivering at least 1 GeV of energy at wavelengths
shorter than 7 A. To withstand this bombardment, the opaque part of the mask must be
constructed out of a material with a high atomic number. Furthermore, the transparent
part of the mask must have a low atomic number to allow the photons to pass through
without heavy absorption and scattering. Successful masks have been made with 3 um
thick gold in the opaque region and 1 to 2 pum thick silicon nitride or titanium foil in the
transparent region. Another hurdle to overcome is the electroplating of the patterned
structure. This step requires accurate controlling of current density, temperature,
concentration, and composition of the plating solution to prevent the formation of
hydrogen bubbles, which can ruin a structure. These conditions also determine the
internal stress of the device and thus must be well understood and controlled to ensure
reliable device operation.

i) Reliability Issues

LIGA, as a relatively costly technology, has not been researched as fully as other
MEMS processes. As a result, the LIGA process can have great variability across process
runs. Another problem with LIGA is that the injection molding process and mold
separation processes require almost perfectly vertical structures. This issue has become a
strong factor in the device yield of LIGA technology.

D. GaAs Processing

The processing of gallium arsenide can be as varied as silicon processing. While
there are many GaAs processes that are very similar to those of silicon, there are some
techniques that are unique to GaAs. These GaAs processing techniques are an offshoot of
bulk micromachining that utilizes the unique properties of GaAs and its ternary alloy
AlGaAs to produce structures.

One method of processing GaAs wafers is to use ion implantation. The first step is
to layer an implantation mask. Then a layer of N ions is implanted into the substrate.
The depth that they travel into the substrate is a function of accelerating voltage. Then
the mask is removed and the sample is annealed at 750°C for about 30 minutes while
covered with PECVD Si3N,. This process recrystalizes the buried layer to a GaAs) 4Ny
layer. Then a SiO; etch mask is evaporated onto the surface of the wafer. Then an
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anisotropic etch is performed to expose the buried layer. Finally a selective etch is used
to remove the buried layer. This process is illustrated in Figure 5-14.

Oimplantation mask
E1Si3Ny

GaAs

Figure 5-14: Fabrication of a suspended structure in GaAs. First a layer of N ions is implanted into
the substrate, then a Si;N, structure is patterned on top. Finally the N ion layer is selectively
removed, leaving a suspended structure.

Another GaAs process used in producing microstructures is to micromachine
through the use of epitaxy. This process utilizes the chemical difference between GaAs
and Al,Ga, As in order to gain the desired results. The first step to this process is to use
epitaxial growth to produce an undoped AliGaj.xAs layer on top of a GaAs wafer. Then a
Si3N, etch mask is applied to the back side of the wafer. This mask then allows the full
removal of the GaAs by using an H,O/NH4OH solution, which leaves only a thin
membrane of Al,Ga;<As as shown in Figure 5-14.[21]
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BIAIGaAs

E1Si3N,

E1GaAs

Figure 5-15: Fabrication of an AlGaAs membrane. The first step in this process is to epitaxially
grow a AlGaAs layer on the GaAs substrate. Then a Si;N, etch mask is used to etch away the back
side of the structure.

i) Reliability Issues

One issue that is an area of concern in GaAs processing is the internal film
stresses created by thermal mismatch in GaAs-Al,Ga;  As heterostructures. Epitaxial
growth is a high temperature process which will, even though the lattice parameters of
these two compounds are well matched, create a strain from differing expansion
coefficients.

III.  Additional Reading

Sze, S. M. ed., Semiconductor Sensors, Wiley Inter-Science, New York, 1994.

S. A. Campbell, The Science and Engineering of Microelectronic Fabrication, Oxford
University Press, Oxford, 1996.
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Chapter 6: Common Device Elements
 B.Stark

While a completed MEMS is a complicated device, the individual components of
any given system are much simpler to understand. Due to the nature of MEMS
processing, no single component can be very complex. This in turn means that
understanding of a MEMS device can be gained through knowledge of a few simple parts
and understanding how they interact. To ensure the reliable operation of a MEMS device
it is sufficient to ensure the reliable operation of all the constituent parts.

One of the difficulties in writing a guideline is trying to select material that will
not be dated before the book goes to press. To preclude this problem, this chapter does
not address specific sensor technologies, but rather it deals with device elements. It is
assumed that a knowledgeable reliability engineer can construe all the necessary
information on, for example, a capacitive accelerometer by examining the sections on
structural beams and parallel plate capacitors. It is felt that this arrangement of the
material will increase its useful lifetime.

This chapter has been loosely organized into three sections. The first three
subchapters discuss structural elements in MEMS. The next two subchapters, along with
part of the third, discuss transducer elements. The remainder of the chapter is dedicated
to actuator technologies.
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L Structural Beams

Structural beams are a basic building block of most MEMS devices. A beam is,
as the name implies, a long thin piece of material that often serves as the supporting basis
for a structure. While this is fairly self-evident, there are also some commonalities
specific to MEMS beams that are useful to understand. The majority of beams used in
MEMS have the rectangular cross section defined below:

out of plane

B neutral axis

in-plane

+“—>

Figure 6-1: Cross section of common MEMS beams. Dimension A is planar and is limited by the
minimum feature size of the processing technology. Dimension B is non planar and is limited by
the aspect ratio of the etching technology.

Figure 6-2: SEM picture of beam with all dimensions labeled. (from [155])

A SEM picture of a beam is included in Figure 6-2 to show the usual labels given
to each beam dimension. It should also be noted that the rectangular cross section is a
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generally accepted approximation, as there are multiple non-uniform features introduced
in device construction. In some cases, such as beams made with wet etching and certain
CMOS processes, the cross section is more trapezoidal than rectangular. However, once
the basic shape of the beam is determined, it is relatively simple to construe its
mechanical properties.

A. Structural Analysis of Support Beams

i) Static Deflections

Support beams are analyzed for both reliability and performance using techniques
common to most engineering students. One issue critical to understanding beams is
understanding how they bend under different loadings. The most common method to
determine this involves the Euler-Bernoulli equation:

d’y M(x)
dx? EI

(6-1)

where
x = direction along the neutral axis
y = direction along the transverse axis
E = Young’s modulus
I = area moment of inertia

M(x) = the bending moment in the beam, which is usually a function of x.
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As this definition may be a bit obtuse, Figure 6-3 illustrates the concept being described.

Beam Configuration
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Figure 6-3: Displacement of loaded cantilever beams.

To analyze the deformation of a beam under transverse loading, Equation 6-1 is

integrated twice using the appropriate boundary conditions. This yields the result:
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| 1 erc (6-2b)
Y() =0 M+

where C and D are constants determined by the boundary conditions.

For a cantilever beam, which is one of the most structural beams in MEMS, with
the boundary conditions of y(1)=0 and y’(1)=0 and a force, F, applied at one end, the
equation yields:

(x)—_f_ i_zz_x+l_3_ . 6 3
Y EIl6e 2 3 6-3)

6.00E-05
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¢ End applied load —=— Distributed Load

Figure 6-4: Graphical representation of a cantilever beam deforming under a transverse load.

Figure 6-3 contains the equations describing cantilever deflections under other
common loading conditions. This analysis also leads to another piece of information that
is useful to understand. Since Equation 6-3 describes a linear force-deflection
relationship, it is essentially describing a spring reacting to an applied load. This means
that it is possible to extract a spring constant, k, from this expression. Evaluating y(x) at a
specific point will determine the spring constant. For this example y(0), which is equal to
-FI*/3EIL will be used. Rearranging this equation yields:

F 3EI (6-4)

yoy P

and, since F/y = k, this gives the result:
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k =— (6-5a)

The value of I can either be determined by integration or by tables. For
rectangular cross sections and planar bending, I is a’b/12 and Equation 6-5a is rewritten
as 6-5b. If a non-homogenous beam is used, then the method introduced in Chapter 5-2C
describes how to normalize this beam to a uniform cross section.

3
_Ea’b (6-5b)

¥ 413

While this expression is useful for predicting displacement under a given load,
there are some limitations to it that must be understood. Hooke’s law of Fy=kx only
applies for small displacements. For larger displacements, non-linear terms will appear in
the force-displacement equations. The degree to which this equation applies thus depends
largely upon how large a force is applied to the structure. Often, to simplify the
development of devices, designers will construct structures that will operate solely within
the linear regime. However it is important to understand that the linear force-
displacement equation is only a first order approximation of the actual relationship
between force and displacement.

(b}

Figure 6-5: Beams displacing an angle, ¢, due to an applied torque. (from [11])
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For some applications, especially those involving non-planar displacements, it is
necessary to subject structural beams to a torque. There are methods for analyzing rigid
bodies under a torsional load, an example of which is shown in Figure 6-5. For these
applications, it is useful to relate a torque to the angle of twist, ¢, which can be
accomplished with the expression:

TL
¢ c,Ga’b

where
T = applied torque

c; = a constant defined in Table 6-1

1.0 0.208 0.1406
1.5 0.231 0.1958
2.0 0.246 0.229
2.5 0.258 0.249
3.0 0.267 0.263
4.0 0.282 0.281
5.0 0.291 0.291
10.0 0.312 0.312
00 0.333 0.333

Table 6-1: Constants for rectangular cross sections under a torsional load.[11]

As might be expected, there is also a torsional stiffness related to beam geometry
that is useful in analyzing non planar actuators. This stiffness, kq is defined by:

T a’b (6-7)

k, = = 2C2GT

‘e
ii) Oscillatory Motion

As structural beams are often operated in resonant modes, it is necessary to analyze the
oscillatory motion of beams. Resonant frequency1 is determined by the equation:

! The terms “resonant frequency” and “natural frequency” are used interchangeably in this section.
Although this is common in the literature, these are actually two distinct quantities. The relationship
between resonant and natural frequency is discussed in detail in Section 3-VIL
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(6-8)

where
k = stiffness or spring constant
Mefr = MOVINE Mass

The only two quantities required to determine the natural frequency of a beam are k and
megr.  Since k has already been derived, it is necessary to calculate the moving mass. The
moving mass can be analytically determined using Rayleigh’s method. However, this
method exceeds the scope of the guideline. It suffices to know that, for a cantilever beam,
the moving mass is roughly 23% of the total mass. This can be analytically described by

m, =.23pabl
(6-9)
where p is the mass density of the beam. This leads to a final expression for
resonant frequency:
E
w, =1.043= |= (6-10)
I“\p
In cases when beams oscillate in torsion, the torsional resonant frequency is:
ky
@, = T (6-11)

Since beams driven by harmonic transverse loads behave similarly to strings in
tension, the wave equation can describe analytically how a beam moves in resonance:

oF m %y
o 1o (6-12a)

Through a substitution of the force for an expression involving the moment, this
equation becomes:

2 2 2
O [0y |_moy (6-12b)
ox? 1 o
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This equation describes the curvature of a beam as a function of time. Through
the study of differential equations, Equation 6-12b is solved as:

y = (A sin(Kx) + A, cos(Kx) + A sinh®x) + A, cosh&x))cos(x + ®) (6-13)
where

A, = constant determined by the boundary conditions

K= wlm
El

This reveals that, at resonance, a beam will oscillate in a sinusoidal fashion, with
the shape of the beam determined by the boundary conditions:

% 2 0.7741 Z 051 0868l

0.3591 0.641

ANNNN

AN

AN
.
CNNANNNY
NN
A\\\V
NN

:
<
<

Figure 6-6: Oscillatory modes for cantilever beams (top) and built-in beams (bottom).

While using the above techniques will determine the shape of beams under a
variety of loads, different methods will have to be introduced to insure that the beams will
not fail under the stresses caused by these loads.

B. Failure of Structural Beams

A structural beam will fail when the maximum allowable stress has been
exceeded. For different types of materials, different failure modes are exhibited, as
discussed in Chapter 3. However, for reliable operation, the stresses in materials should
not approach either yield or ultimate stress. There are several methods useful for
calculating stresses in materials.

The normal stress, Oy, is easy to calculate. It can be determined by the relationship:
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o =M (6-14)

where y is the vertical distance from the neutral axis.

While this equation is valid for small deformations, for large deformations, the

slope of a beam at the loading point!, =Z{ , becomes important. For large deflections the

maximum stress is:

(6-15)

The ratio of 0" /0,75 is compared to get an estimate in the error in using the
linearized approximation of Equation 6-14. One study [40] found the error to be 5% at

tan™ P,
dx

approximation is valid depends upon the size of the deflection, as one would expect.

J: 30°%, 11% at 45° and 22% at 60°. So, the extent to which a linear
{

Determination of shearing stress is slightly more difficult. Shearing stress is
calculated by examining a section of a beam and using the equation:

— (6-16)
ave It

where
Tave = average shearing stress in a section of the beam
V = vertical shear in a given cross section

t = thickness of the cross section

y=C
Q= 1*' moment of the area defined as Q = fydA
y=yi

! This derivation assumes a concentrated load.
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y = 0 (neutral axis)
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Figure 6-7: Side (top) and cross sectional (bottom) views of cantilever beam
under shear force and bending movement.

The relationship among all of these values is presented in Figure 6-7. To
determine Tmax, it is usually necessary to examine T, as a function of y. For beams with
the height > 4xwidth, the approximation of Tmax=1.5xV/(wxh) is useful. However, for
planar bending in beams, where the b > a relationship obviates this approximation, the
full structural analysis will have to be performed. It is convenient to recognize that
maximum shearing stress will always occur along the neutral axis, unless there are
marked variations in beam thickness. Thus, determination of shearing stress in beams can
usually be performed simply by examining Tave at y=0.

For rectangular beams subjected to a torque, there will be a shear stress that will
vary as a function of horizontal and vertical position. However the study of mechanics
reveals that the maximum stress, which is the most important in terms of structural
analysis, occurs along the neutral axis of the wider face of the beam, which, in this
discussion, is labeled as b. This maximum shearing stress is determined by the relation:

R
Ry (6-17)

where c; is a constant defined in Table 6-1.

While using the above analysis leads to a good understanding of when fracture
will occur, there are other failure modes in structural beams. Beams will usually fail if
they come into contact with other structures, due to adhesive forces. To analyze the
probability of this, the deflection of every beam must be considered under maximum load.
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Another concern raised in Chapter 3 was the impact of fatigue in beams. Over
long cycle times, the properties of beams will shift, which, as this section has shown, will
change the static and resonant characteristics of the structures. These changes will alter
the output of many sensors based upon measuring frequency and deflection. Another
fatigue related mechanism is the gradual relaxation of the fracture strength of a material.
Beams that were initially driven within stress tolerances of a material, can be driven past
them, as the tolerances decrease. Although it should be noted again that this mechanism
has yet to be observed in silicon.

Thermal changes can also have an impact upon beam reliability. Thermal
stressing and unstressing creates mechanical fatigue in beams. In large temperature
changes, as experienced in the space environment, most MEMS beams will also
experience bimetallic warping due to the fact that they are made of different materials that
have mismatched thermal coefficients of expansions. Thermal fatigue can also contribute
to delamination.

C. Additional Reading

F. P. Beer and E. R. Johnston, Mechanics of Materials: Second Edition, McGraw-Hill.
New York, 1992.

C. M. Harris and C. E. Crede, Shock and Vibration Handbook Volume 1: Basic Theory
and Measurements, McGraw-Hill Book Company, Inc., New York, 1961.
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1I. Thin Membranes

In recent years, thin membranes have found increasing use in pressure and flow
sensors. They provide a large sensing area coupled with low mass, which is advantageous
in many applications. A membrane is commonly assumed to be any structure with a z
dimension much smaller than its x and y dimensions. While the membranes used in
MEMS do not fit the classic definition of plates, their thickness deformation can be
influenced by in-plane tension. This term is also applied to these devices. A membrane
structure is shown in Figure 6-8. The analysis of a membrane is more difficult than
cantilever beams, but it is still tractable.

i<

Figure 6-8: A thin plate viewed at 200x magnification. (from JPL)

A. Structural Analysis of Membranes

i) Static Deflection

There are several methods commonly employed in the analysis of thin plates or
membranes. The most obvious method is to use the equations of motion to describe the
plate, as was done for beams. This is accomplished by defining coordinates for the plate
in the x and y axis and taking into account all shearing and bending forces. This analysis
leads to a system of six equations and six unknowns which reduces to the result:
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(6-18)

where
2 2
Vz = ‘6—2 + —?—2
Ox~ 0Oy
w = the plate deflection at any given point

q = the lateral load function

3
D = the plate stiffness = L)
12(1-v2)

h = the plate thickness

The solution of this equation clearly requires determining the function w, such that
it satisfies both the loading and boundary conditions. Since empirical data shows that
these models are not the most accurate, the method developed by J.Y. Pan[14] is often
used. This method begins by determining the midpoint deflection of a membrane, w, For
a square membrane there is a relationship between midpoint deflection and an applied
pressure p given by: '

p(w,) =C, };—fwo + czl;—fwg [14] (6-19)

where
o = internal stress
a = plate width
wo = plate deflection at center point

C,,C: = functions of Poisson’s ratio, defined in Figure 6-9a
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Poisson’s ratio.[15]

Once W, is known, it is possible to determine the shape of the entire plate. If the
origin of the plate is taken at its geometric center, then the deflection is described by:

2 2

2.2
w(x,y)=| w, +w, a ;'2)’ +w, * ':) cos(?)cos{fy—) (6-20)

a a 2a

where w; and w; are functions of Poisson’s ratio related to wo by Figure 6-9b.

While this method has the attribute that it offers a closed form solution to the
shape of the plate as a function of x and y, it is not always possible to solve the
deformation of the plate so simply. In instances when the plate is not simply loaded or
supported, it is often necessary to resort to other methods. Among the most common of
these is to numerically model the membrane. This process, known as the method of finite
differences, separates the plates into discrete points and analyzes the plate piecewise.
This method is discussed in detail in Chapter 7.

if) Lamb Waves

Engineers also utilize waves on plates as transducers. There are two kinds of
waves that travel in plates. They are dilation waves, which involve changes in volume
without rotation, and distortion waves, which do nat change volume but instead result in
rotation and shearing of a given material. In more common terminology, the dilation
wave is referred to as a longitudinal wave, while the distortion wave is often called a
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transverse or shear wave. These waves travel with a velocity that is material dependent
and the respective velocities of each, ¢; and c,, are related by the ratio:

¢ _ |(1=2v) (6-21)

e, V2(-v)

¢ = }“26 (6-22a)
y?,

given that:

¢, = |C (6-22b)
P
where A is Lamé’s Parameter, defined by v = ———
2(1+G)
T
T ] i -
Buw:,‘:;‘i""dm 1 X P v :4000-12000mss
SESSsmnig)
(a)

I

Buik transversed 1
wave RS W v, - 2000-5000m/s
T
]
(b)
f'_" A ‘f{f,r« surface
H V::~ n? T
Surfoce Rayleigh) rE:t.“:::Er:::_ A .
o oleigh S | > v, =2000-6000m/s
FH
(c)

Plate waves
{Lamb waves) m&- P Symmelric 1, =200C -12000m/s
_} )
T W = Anti symmetic 3 :100-2000 m/s
d
(d) ,

Figure 6-10: Wave propagation in solid media. (from [6])
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In plates, these two waves interact in complex ways at the plate boundaries, which
results in the formation of a plate wave, which is also called a lamb wave. These waves
travel in either symmetric or anti symmetric modes as shown in Figure 6-10. The lowest
order of these modes are very similar to surface acoustical waves, or SAW, that propagate
along a semi-infinite medium. However, in thin plates, the lowest order symmetric mode
is dispersionless and propagates much faster than a SAW on the same materials. The
lowest order anti-symmetric mode, on the other hand, involves flexure and its wave
velocity decreases monotonically to zero as the plate becomes infinitely thin.[51] Lamb
waves travel with a phase and group velocity that is defined by:

va = th ng = vp.!'

v, = |wh [;12] v, =2, (6-23b)
Yo,

where g and p represent group and phase, and s and a represent symmetric and anti-
symmetric.

One of the interesting results of this analysis is that tension and wave velocity are
coupled. If 2 small section of a plate is considered with dimensions, dx and dy, and a
tension, T, in the x-direction, the out of plane force on the plate can be modeled by two
forces, a stiffness and a tension:

4

dF, =-D 0 = dxdy ' (6-24a)
Ox
2 6-24b

dF,, = Tg—’z"dxdy (6-240)
X

If these equations are combined and related to the acceleration of the membrane,
the result is:

4 2 2
-D 66 id dxdy+T ?3 y:cixdy = dedy_aa_‘:}. (6-24¢)
t

x4

x
where M is the mass per unit area of the membrane
If this equation is solved through separation of variables, one finds that the solution is:
w x,t = Jog-kyx)
(x,0) =C,e (6-25)

where
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P = period of the actuator that is oscillating the plate
n = integer representing the different modes of the device

This leads to the solution that the phase velocity is dependent on tension and
mass:

(6-26)

As this analysis shows, the phase velocity is coupled to both the tension and mass
density of the plate. This enables sensors that detect lamb waves to be sensitive to a wide
range of different effects, with temperature and pressure changes being the more prevalent
changes sensed. The advantage of using anti-symmetric lamb waves in sensors is that, on
very thin plates, they have a phase velocity that is usually much slower than that of sound
in most media. This allows these devices to transmit waves without dissipating large
amounts of energy to the surrounding environment. In comparison to surface acoustic
waves, which dissipate on the order of 1 dB per wavelength, lamb waves have extremely
low loss mechanisms. In lamb waves, the disturbance to the surrounding medium only
extends to a distance of A/2r, which limits the acoustical energy loss. For an in-depth
discussion of the physical properties of Lamb waves, Reference [115] treats the material
more thoroughly.

iii) Modal Waves

While lamb waves have many applications in membranes, it is also useful to
excite standing waves on plates. A standing wave, as opposed to a lamb wave, involves
oscillations in fixed spots. These waves have maximum displacement at the resonant
frequency of a device. On a resonating plate, there will be distinct spots called nodes,
where vertical motion is essentially zero, and spots called anti-nodes, where oscillations
are maximized. The analysis of standing waves begins with a dynamic version of
Equation 6-18:

2 2 2
DV‘W=Mha)3W+Nxav:/+N, OW N av:z (6-27)
ox » oxdy ¥ oy

where
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Figure 6-11: First six vibratory modes and resonant frequencies in a square plate with nodal lines
shown.[54]

N;, Ny = Normal loadings in the x and y directions
N,y = shear loading
W = w = AW(xy)cos(wyt+0) where A is the oscillating amplitude

To solve this equation, the boundary conditions for W must be found that fit the
end conditions. Since many square MEMS membranes are clamped on all sides, Figure
6-11 shows the modes and resonant frequencies of these structures. For other solutions to
oscillating plate problems, Reference [54] offers an excellent analysis of plate mechanics.

B. Failure of Membranes

As membranes can be considered two dimensional equivalents of one dimensional
beams, they have similar failure considerations. If Equation 6-18 is solved analytically,
then the stresses on the plate are determined by the equations:

o =— Ez (&'w by o’w (6-28a)
1-vila oy
Ez ( ’w  w (6-28b)
o, =- +v
I BATL k dy* ot
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Ez &*w
T =
7 1+v oxody

where z 1s the distance from the neutral axis of the plate

(6-28c)

In order to determine the maximum stress in a plate, the following relationships

are also useful:

2

M, =-p| 2
\6x

{ A2
M,=-D gy‘f

+v—s

+v

o*w)
ayZ

8w )
ox? )

(6-29a)

(6-29b)

If the bending moments are known, the stress distribution can be calculated.
Stress is zero along the neutral axis and rises linearly to a maximum at the surface. This
maximum value is:

oM 6-30
(O Vo = g™ (6-30)
A
6M . (6-30b)
(@ s =7

This analysis can be simplified for a membrane with a uniform loading, q, and
fixed boundary conditions on all four sides. These structures will have the following
stresses:

/“ [ L L

d a ———————————»]

— B,gb’

stress at center of long edge: o, = > (6-31a)
t

(6-31b)

b2
stress at center: o = ﬂz—qz—

t

L L
o

S

S S S

The parameters «, B; and [3; are functions of the plate geometry and boundary conditions,
and may be determined from the table below:
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a/b 1.0 1.2 1.4 1.6 1.8 2.0 )

B, 0.3078 0.3834 | 0.4356 0.4680 0.4872 0.4974 0.5000
8, 0.1386 0.1794 | 0.2094 0.2286 0.2406 0.2472 0.2500
a 0.0138 0.0188 0.0226 0.0251 0.0267 0.0277 0.0284

Table 6-2: Plate coefficients (four sides fixed)'.

Solutions for other geometries and loading conditions are also available; the
reader is referred to References [58] and [59] for additional information.

Another area of concern in plate mechanics is the effects of internal stress upon
deflection and strength. As discussed in Chapter 3, thin films can often have large
residual stresses. As this stress is coupled to temperature, changes in temperature will
also affect the output of many membrane based sensors.

A problem with using Jamb wave oscillators is that their sensitivity is coupled to a
number of different changes. Using these devices in space applications will be especially
difficult due to the fact that they are natural thermocouples. For lamb wave oscillators to
have a future in the aerospace industry, it must be proven that they are sufficiently
decoupled from many common aerospace phenomena, such as large temperature and
pressure changes, to be effective transducers.

C. Additional Reading

Timoshenko, S. and Woinowsky-Krieger, Theory of Plates and Shells: 2™ edition, New
York; McGraw-Hill, 1959.

I A. Viktorov, Rayleigh and Lamb Waves: Physical Theory and Applications, Plenum
Press: New York, 1967.

! The discussion on stresses on a bounded rectangular plate is adapted from work done by K. Man at JPL.
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III. Hinges

In MEMS, there is a need for devices that can produce out of plane motion
without the limitations of a torsional spring. In these instances, hinges are often used.

Figure 6-12: A typical hinge. (from [93])

In technical parlance, a hinge is an end condition that prevents translation of a
structure, but allows free rotation. Often in MEMS, flexible structural beams that have
hinged-boundary properties are called hinges. However, since the mechanical and
reliability characteristics of these devices are similar to that of structural beams, there is
no need to repeat that material here. It is enough to treat those devices as structural beams
with narrow cross sections that create stress concentration at the interfaces with thicker
beams.

This section will discuss surface micromachined non-planar hinges. These hinges
can perform a multitude of tasks. One common implementation is to use hinges to hold
structures, which were fabricated in a planar position, out of plane. Another common use
of hinges is to bind non-planar structures together, as in the case of a cage or a box. This
allows the fabrication of extremely high aspect ratio structures by common surface
micromachining methods. This technology has enabled multitudes of new devices, such
as optical devices and microgrippers. One of the biggest advantages of hinges is that they
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enable devices to be both thermally and electrically removed from the substrate, which
limits much of the noise common to planar sensors.[93]

A. Structural Analysis

A common hinge is depicted in Figure 6-12. These devices are simply constructed
with only two parts. There are several types of hinges that were initially reported by
Pister et. al. in [93], which are represented in Figure 6-13. 6-13a shows a substrate hinge,
which is constructed out of a pin and a staple. The pin is a structural beam held down by
the staple, which is a curved membrane. This hinge is often used to support non-planar
structures and is fairly common in optical MEMS technologies. The other two hinges are
called scissor hinges. They are constructed of interlocking beams, as shown, and usually
have a wider range of motion. Scissor hinges are usually used to hinge released structures
to each other. In many applications, hinges are not used to support large ranges of
motion, but rather are used to support static structures. If the hinges are to be used in this
static mode, a layer of material is deposited after assembly to bond the hinges into
position.

Poly-1
Poly-2
[ Contact

L

(b)

Figure 6-13 (a-c): Three basic hinges as presented by Pister et al.[93]
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B. Reliability Concerns

One of the limitations in designing a substrate hinge is in designing the pin so that
it is not wider than the allowable clearance of the staple. While this is an easy enough
issue to address in design, it does provide some upper limits on the strength of the hinge.

“Scissor hinges, on the other hand, do not have limitations on the width of the beams. As a
result scissor hinges are considered stronger structures than substrate hinges. If the hinge
is anchored in place by the deposition of material after the device has been assembled, the
adhesive strength of the deposited material will determine the hinge strength. Although
Pister et al. reported a PECVD oxide layer that can withstand a torque of 10 nNm, this
data would have to be independently determined by individual foundries.

Another area of concern in hinged devices is the issue of assembling hinged
devices. While this is commonly done with micromanipulator stages in the laboratory
setting, it may be extremely difficult to do this on a reproducible basis on a production
line. As a result, membranes that are supported by hinges must be examined for damage
caused in the assembly process.

C. Additional Reading

K. S. Pister, M. W. Judy, S. R. Burgett, and R. S. Fearing, “Microfabricated Hinges”
Sensors and Actuators A, Vol. 33, pp. 249-256, 1992.

M. E. Motamedi, M. C. Wu and K. S. Pister, “Micro-opto-electro-mechanical Devices
and On-chip Optical Processing” Optical Engineering, Vol. 36, No. 5, May 1997.
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IV. Piezoresistive Transducers

Piezoresistivity is the property of a material whereby the bulk resistivity changes
under the influence of a stress field. While all materials have varying degrees of
piezoresistive responses, piezoresistors are commonly employed in semiconductor
sensors because many semiconductor materials have large piezoresistive responses. The
actual physics behind piezoresistive devices is slightly involved, but necessary to
understanding its effects.

A. Formal Definition

To understand piezoresistivity, several other concepts must be first introduced.
For a three-dimensional, anisotropic crystal, the electric field is related to a current by a
three-by-three resistivity tensor given below.

gx pl p6 pS ix
Ey|=|Ps P2 Pay I
£, Py Ps P L

(6-32)

If a Cartesian coordinate system is aligned to the <100> axis, then p4, ps, and pe
become correlation coefficients, which relate the electric field in one axis to the current in
a perpendicular direction. This leads to the result that in an isotropic conductor, such as
unstressed silicon, pi=p,=ps=p and ps=ps=ps=0. These values can be related to
incremental changes in resistivity by the following equation:

o] IR, |

P> P Ap,

Py _1P + Ap; (6-33)
Pi| |0 |BPs

Ps 0 Ap;s

L ps] LO] Do)

To define the piezoresistivity, all one needs to do is to relate the fractional change
in resistivity, Api/p to the stresses in the crystal. In order to do this fully, a 6x6 matrix
must be defined. But for a crystal, this matrix will exhibit the same symmetries as the
crystal lattice itself, which will obviate the need for many of the matrix coefficients. If
the coefficients are defined as m;;, a cubic crystal structure will only have three non-
vanishing coefficients. For a silicon lattice, the matrix becomes:
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[ Ap, Ty Ap 7y 00 0 Yo,

Ap, T A&y 7 00 0o,
1{Ap; Ty My 7y, 00 0o, (6-34)
ploo,| |0 0 0 7z, 0 oz,

Ap; 0o 0 0 0 =@, O|r,

|Apsy LO O O 0 O Tas || Ty |

If all these equations are combined, it is possible to get an expression for the
electric field as a function of stress':

Ex = piy+pm; 10xIx+PT12(Oy+G,)ix+PTag(iy Ty, +H, Tx;) (6-35a)
E,= piz+pm,Gziz+pm2(0x+cy)iZ+p1t44(ixrxz+iy‘cxy) (6-35¢)

These equations clearly show that there is a direct relationship between stress and
resistivity. It is also important to note that materials with small piezoresistive coefficients
will have more limited responses than those with larger coefficients. One interesting
aspect of Equation 6-34 is that it closely resembles Hooke’s law. In fact, this tensor is
relating a resistivity strain, instead of a mechanical strain, to the stresses upon a material.
As such, there is also an orientation dependence on the piezoresistive coefficients similar
to the one discussed for the elastic moduli in Section 3-IA. For an in-depth discussion of
this material, Chapter 4 in Reference [6] offers a more complete mathematical description
of piezoresistivity.

B. Piezoresistive Sensors

Devices that utilize the piezoresistive effect are designed so that mechanical stress
occurs simultaneously with an event to be measured and that the stress is proportional to
the magnitude of the event. Currently there are two kinds of piezoresistive sensors made.
Membrane sensors are manufactured to measure pressure and flow while cantilever
beams sensors are made for accelerometers.

Membrane sensors are usually designed as a thin single crystal silicon plates
supported by a thick ring. Usually a piezoresistor is built into the edge of the device to
utilize stress concentration. When the membrane deforms under an externally applied

! This discussion assumes an infinite bulk lattice. For finite crystals there is a small correction factor due to
dimensional changes.[6]
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load, there will be stress on the piezoresistor. On cantilever beam sensors, the
piezoresistor is, for similar reasons, placed on the surface of the beam near its support.

If it is assumed that the mechanical stress over the resistor is constant, the change
in resistance can be given as:

AR
= = OO (6-35d)

where
oy, o, = longitudinal and transverse stresses
m, 7, = longitudinal and transverse piezoresistance coefficients
For a resistor made of p-type material this expression reduces to

AR 4
= ==, -0) (6-36)
For n-type resistors the expression becomes

AR _mnt7n (5 ho) (6-37)
R 2

One important feature of these equations is that, due to the fact that they assume
uniform stress fields, they are only valid for resistor sizes much smaller than the
membrane or beam size.

Usually piezoresistors are configured in a Wheatstone bridge. Two resistors are
placed to measure stress parallel to current flow, while two are placed to measure stress
perpendicular to current flow. This arrangement works so that any decrease in resistance
from tensile stress is balanced by a corresponding increase in resistance for compressive
stress. This has the effect of creating a differential output of opposite signs on each side of
the bridge. The total voltage change is defined as

AV = S‘REV,, (6-38)

where Vy is the voltage applied to the bridge, as shown in Figure 6-14.
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Figure 6-14 (a,b): Schematic representation of the position of four piezoresistors on a membrane
(left) and accompanying circuit diagram (right). The arrows represent resistance changes when the
membrane defects in the -z direction.[6]

C. Reliability Issues

One of the problems that will be encountered in using piezoresistors in high-rel
applications is that they exhibit a temperature dependence. If the relationship between the
piezoresistive coefficients and temperature is plotted, it becomes apparent that there is a
roughly linear relationship between log(m) and log(T). For a generalized description, the
piezoresistive coefficient can be determined as a function of both doping concentration,
N, and temperature, T, by:

7(N,T) = n,P(N,T) (6-39)

where 7 is the low-doped room temperature piezoresistive coefficient.
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P(N,T) is offered graphically in Figure 6-15. As can be clearly seen, at low
doping concentrations, there is better sensitivity but a §reater temperature dependence.
As doping concentrations becomes greater than 10 0 atoms/cm’, the temperature
dependence becomes indiscernible, but sensitivity decreases greatly. For space
applications, with the great thermal ranges usually required, these devices will almost
certainly have to balance the sensitivity requirements with the temperature dependence.

1E+16

1.00E+18

1.00E+19
N (atoms/cm'3)
1.00E+20

T (°C)

Figure 6-15: P(N,T) for n silicon. As can be seen, P(N,T) converges to a nearly uniform, albeit
smaller, value versus temperature at doping levels above 10* atoms/cm’,

D. Additional Reading
Sze, S. M. ed., Semiconductor Sensors, Wiley Inter-Science, New York, 1994, Cp. 4.

Y. Kanda, “A Graphical Representation of the Piezoresistive Coefficients in Silicon”,
IEEE Transactions on Electron Devices, Vol. ED-29, No. 1, January, 1982.
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V. Tunneling Tips

Electron tunneling is a concept that was developed in this century as an
outcropping of quantum theory. Tunneling developed from the study of the energy of an
electron in a confined space. Basic quantum theory entails Schrédinger’s equation, which
describes a particle’s wave function, y, by the relation:

vy =—1—T(E—U)‘P (6-40)
where
h = Planck’s constant of 6.62617x107* J-s
E = total energy of the particle
U = potential energy of the particle
m = mass of the particle

The wave function of a particle is usually not as informative as the value of the
wave function multiplied by its complex conjugate, y>=yxy*. This value represents the
probability that a particle will be in a given point in space. If this equation is solved for
the case of an electron that is in a one-dimensional energy well of width a,"bounded by
two infinite potential energy barriers, as depicted in Figure 6-16, the solution to
Schrédinger’s equation yields:

y2(%)=0 {x<0}

Yi(x) = (2) sinz(%v—c) {O<x<a} (6-41)

a
y(x)=0 {x>a}
where n is an integer.

This equation shows that the electron is bound by the infinite barriers, and can
never escape from the well it is in. However if the barrier at a is replaced with a barrier of
finite energy and width, then solving Schrédinger’s equation shows that the electrons will
actually tunnel through the barrier and there will be a non-zero probability that there will
be an electron on the other side of the barrier. This means that it is possible for electrons
to actually pass through areas in which, according to classical physics, they do not have
the energy to penetrate. It is this phenomenon, called electron tunneling, that is utilized to
produce tunneling tip sensors.
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Figure 6-16: Probability distribution of an electron trapped in a well. The figure on the left shows
an electron bounded by two infinite walls while the figure on the right shows an electron bounded by
two finite walls with a finite energy barrier, which is greater than the energy of the electron, in the
middle. As can be seen, there is a finite probability that the electron will penetrate the barrier and be
on the other side. This diagram roughly corresponds to the device in Figure 6-18.

Tunneling tips are small pointed tips, shown below, that were initially developed
for use in electron microscopy. They have since been adopted by the MEMS community
because the tunneling effect is an extremely accurate way to measure displacements
caused by external effects.

Figure 6-17: Tunneling tip on SCS beams. (from [154])
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A. Physical Description

It has been shown that the current caused by tunneling across a narrow barrier is
given by:

I o Veb=i¥) (6-42)
where
V = bias voltage on the tip
o= 1.025 A'lev'?
¢ = the effective energy height of the tunneling barrier = ~ é%g—z

x = the physical width of the energy barrier

This means that an electronic circuit capable of detecting a 1% variation in a 1 nA
current from a 100 MQ source would be able to detect deflections on the order of 0.003
A. For this reason tunneling tips have started to be developed for use in high data storage
applications and high sensitivity accelerometers.

Typically tunneling sensors are designed by suspending a mass above the
tunneling sensor. An external force, which can be anything from infrared radiation to
acceleration, pushes the mass downwards, which increases the tunneling current and
becomes a measurable event, as shown in the diagram below.
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Figure 6-18: Typical layout for a tunneling sensor.

While tunneling sensors are among the most accurate sensors available in MEMS
technology, they do suffer from a number of reliability problems.[41,43]

B. Reliability Concerns

One of the great difficulties in making tunneling accelerometers is in fabricating
the devices. The tunneling tips need to be made of a conductive surface that does not
react with the air. While conventional tunneling tips, since they operate under an Ultra-
High Vacuum, can be made from a multitude of metals, microsensor tunneling tips are
much more limited in the materials that can be used. Gold has been found to be useful in
the production of sensors, but it is difficult to create good adhesion between a gold tip and
an insulating substrate, which is usually SiO,. This created a need for multiple layers of
adhesive materials, which create processing problems and reduce yield.[42] While the
fabrication of these devices is certainly not an impossible task, they do suffer from low
yield rates.

Another problem that is more difficult to handle stems from the fact that the
tunneling effect is highly displacement sensitive. Since, in order to get a tunneling effect,
the tip must usually have a bias voltage, which is typically under 1 volt, and be within
nearly ten Angstroms of the moving mass, contact between tip and mass is unavoidable.
This contact must be accounted for in design of mechanical system and circuit. On the
mechanical side, it is important to place one of the electrodes on a compliant support to
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limit the force to the tip during the inevitable contact. The circuit must also limit the
current during contact. If both of these precautions are taken, the danger of tip crashes
will be mitigated. For devices designed with these techniques, crashes have occurred at
low frequency operation for months with no detectable change in operational
characteristics. However, any tunneling tip designs need to have these issues thoroughly
addressed for high-rel applications.

These devices, due to their extreme sensitivity, are also susceptible to thermal
noise and mechanical vibration. It is typically these effects that limit device sensitivity
and they need to be addressed for any tunneling sensor. There is also electrical noise in
the measurements of the tunneling output. In many devices, the electrical noise spectrum
exhibits a 1/f dependence. This noise creates an error in measurements that scales on the
order of 10 A/Hz”. While this noise is fairly insignificant for many applications, it does
provide a limit on the actual sensitivity of the device.[41]

C. Additional Reading

T. W. Kenny, W. J. Kaiser, H. K. Rockstad, J. K. Reynolds, J. A. Podosek, and E. C.
Vote, “Wide-Bandwidth Electromechanical Actuators for Tunneling Displacement
Transducers” Journal of Microelectromechanical Systems, Vol. 3. No. 3, September
1994.
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VI Electrostatic Actuators and Transducers

A. Parallel Plate Capacitors

- -area of plate

Figure 6-19: Closeup view of parallel plate capacitor with the area and gap
labeled. (from[155])

Capacitors have been developed and understood for as long as any electronic
device. They are both simple to construct and understand. As such, capacitors are
fundamental to many devices and have been used extensively in the microelectronics
industry. It has been estimated that a modern microprocessor has anywhere between
seven and ten million recognizable capacitors in its design. A capacitor is simply two
conductive objects separated by some distance, d, which store electrical energy by
attracting and repelling free electrons within the conductors. For MEMS, a prevalent
capacitors design consists of two parallel plates, as shown in Figure 6-19.
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i) Electrical and Mechanical Analysis

The capacitance of an object is defined as the amount of electric charge that it can
store per voltage. The common mathematical expression of a capacitor’s ability to store
energy or charge is related by the expressions:

q=CV (6-43a)

_ 2
where noney (6-43b)

q = electric charge
V = voltage

C = capacitance

U = energy

For capacitors constructed of two parallel plates a useful relationship has been
derived that:

C=¢c= ' (6-44)

where
A = area of one of the plates
d = distance between the plates
€ = the permittivity of the material between the two plates

One reason that capacitors have become prevalent in MEMS is that capacitance is
a function of distance. This means that a change in distance will result in a change in
capacitance, which is a measurable event. If a capacitor immersed in air is assumed to
have one fixed plate and one plate that displaces a distance, x, from the rest, the
capacitance can be rewritten as:

A
(d-x)

C=g¢, (6-45)

where

g0 = permittivity of a free space (8.85*107'2 F/m)
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If a sensor is to be fabricated out of parallel plate capacitor, there is a simple
method to electrically detect a change in capacitance. Since a current, L, is related to the
charge on a capacitor, Q., by the equation:

40
cdt

ic w
: A
Ve = Vo¥sin (wit) <> ; Cx)

(6-46)

Then using the circuit below,

Figure 6-20: Basic circuit for detecting changes in capacitance.

a change in current will be approximately related to a change in displacement by the
relationship':

Ai_(Ax) = o, vsC(d)I:%i] (6-47)

Another useful feature of parallel plate capacitors is the fact that they can be made
into actuators. Given that a force, F, is related to potential energy by the equation:

F=9U (6-48)
ox

it is possible to derive the relationship for parallel plate capacitors that:
£,AV?
x 2
2d 2[1 - —)
d

This shows that an applied voltage will exert a force on the capacitor plates. It is
this electrostatic force that is used to make actuators out of parallel plate devices.

F = (6-49)

! This is a linearized result that only applies for Ax<<d.
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ii) Limitations of Parallel Plate Capacitors

While parallel plate capacitors have good actuation and sensing abilities, they
have some severe limitations. The greatest drawback to using these devices is that they
are non-lincar. While they can be treated as linear for small displacements, for large
motions, parallel plate capacitors clearly exhibit non-linear behavior.

One of the dangers in these devices is the potential of the plates touching. As
discussed in Chapter 3, when two metal surfaces come into contact, adhesive forces exert
a strong bond that usually causes failure. This problem is especially prevalent in parallel
plate devices because of the non-linear force that increases quadratically with distance. A
common design rule used is that, if Ax > 1/3 d, the device will usually have sufficient
force to transverse d. To prevent this, parallel plate devices must be designed to displace
much less than this amount.[10]

Parallel plate capacitors could also be susceptible to electrostatic discharge. An
ESD would have a similar effect as applying a delta function to the device. If the voltage
spike is large enough, it could induce stiction by bringing the plates into contact.
Unfortunately the scant research into ESD in MEMS has not provided any concrete data
on the effects of ESD on parallel plate capacitors and these theories have not been
experimentally verified. '

ii) Additional Reading

W. S. Trimmer, K. J. Gabriel, and R. Mahadevan, “Silicon Electrostatic Motors”,
Transducers '87, The 4™ International Conference of Solid-State Sensors and Actuators,
pp. 857-860, June 1987.

W. S. Trimmer and K. J. Gabriel, “Design Considerations for a Practical Electrostatic
Micro-Motor”, Sensors and Actuators, Vol. 11, pp. 189-206, 1987.
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B. Comb Drives

Figure 6-21: A standard comb drive. The arrow points to a particulate that
landed on one of the electrodes.

Due to the problems discussed with making electrostatic parallel plate actuators,
there have been attempts made to make devices that utilize electrostatics to produce
motion while eliminating the relationship between force and distance. The most common
device made to accomplish this is called a comb drive because of its overall comb-like
appearance, as seen in Figure 6-16. Comb drives operate by using fringing fields to pull
one set of the drive into the other. Actuation occurs in one dimension only and the
equations of motion are derived in the next section.

i) Mechanical and Electrical Analysis

Essentially comb drives are composed of multiple structural beams and, as such,
they are not difficult to analyze. As shown in the picture, there are two sets of
interdigitated electrodes. Generally one of them is fixed while the other is mobile. The
force generated by a voltage is described by:
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(6-50)

Figure 6-22: Overhead view of basic unit of a comb drive.

This equation shows that the force produced by this device is independent of the
displacement of the middle electrode. As a result, comb drives are among the more
common actuators in MEMS. The other fact that makes comb drives appealing is that n
comb drives produce a force equal to nxF. This simple scaling makes it possible to
produce macroscopic forces on the MEMS scale. It is not unreasonable to manufacture
an array of comb drives to produce upwards of 30 Newtons with as little as 10 volts
applied to the electrodes.[10] While these aspects of comb drives are quite appealing,
there are also some serious limitations to their performance.

ii) Limitations on Design

One of the problems with comb drives illustrated by Figure 6-22 is that there is one
electrode. For argument’s sake, assume it to be negatively charged, surrounded by two
positively charged electrodes. While the forces on the electrode are balanced by the equal
spacing of the two gaps, clearly any perturbation of the center electrode will cause an
offset of the forces and pull the electrode to one side or another. In engineering terms, the
comb drive is an inherently unstable system. To combat this problem, several steps must
be taken in the design to insure that the device does not fail at the first vibration. Since
stability problems are problems in energy storage, the key to designing a stable comb
drive is to design it to store more energy in the y direction than in the x direction. To
make Uy >> Uy, the following condition must be met:

Kk,d>> Ykl ® (6-51a)
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where
ky = spring constant in the y direction
k, = spring constant in the x direction
1, = The length of the electrode

which means that:

l 2
k, >> -5k, (6-51b)

This is illustrated in Figure 6-23.

While this is hardly an exact answer to the problem of stability, this solution does
lend it some formalism. For high-rel applications, a large safety factor will have to be
included to guarantee that the comb drive does not fail due to surface contact. If a comb
drive is not entirely stable, it is possible for the drive to not completely fail but instead
enter into chaotic oscillatory modes. While this phenomenon has applications in
encryption, it is usually an undesirable event.

Figure 6-23: Overhead view of comb drive structure with
spring constants and dimensions labeled.

Another limitation on comb drives is that they are typically limited in the amount
of work they can do. With a maximum displacement of I, and, with 1, being kept to a
minimum due to Equation 6-51, comb drives are just not capable of producing large scale
motion. While this problem can be designed around to a degree, it is nevertheless a
serious limitation to comb drive usage.
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Figure 6-24: An example of the damage that results when two comb drive
electrodes come into contact and short out the device,

An area that is also important to consider in comb drive operation is the effects of
parasitic capacitance with the substrate. Since the comb drive is a fairly large conductive
surface suspended over another large conductive surface, there is a considerable parasitic
effect between the substrate and the drive. While this effect can be used to produce out of
plane torsional microactuators, it is often an undesirable side effect of the comb drive
design. It is possible to have such a large parasitic motion that the comb drive will
actually touch the substrate, which will lead to the adhesion and possibly shorting
problems. In a sound design, the comb drive should be far enough removed from the
substrate that the parasitic capacitance will not cause stiction.

Particulates can also be problematic in comb drives. Conductive dust particles
can electrically connect parts of a comb, which will short them out, producing
catastrophic current flows. Comb drives could also be susceptible to electrostatic
discharge. An ESD would have a similar effect as applying a delta function to the device.
If the voltage spike is large enough, it could induce stiction by bringing the plates into
contact. Unfortunately there is no published information on the effects of ESD on comb
drives, which means that evaluating the ESD tolerance of a design is not yet possible.
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iii) Additional Reading

W. C. Tang, T.-C. H. Nguyen, and R. T. Howe, “Laterally Driven Polysilicon Resonant
Microstructures.” Proceedings of IEEE Microelectromechanical Systems, February 1989.

W. C. Tang, T.-C. H. Nguyen, M. W. Judy and R. T. Howe, “Electrostatic-comb Drive of
Lateral Polysilicon Resonators” Transducers '89, Proceedings of the 5™ International

Conference on Solid-State Sensors and Actuators and Eurosensors III, Vol. 2, pp. 328-
331, June 1990.
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C. Micromotors

A major area of research in MEMS in the past decade has been into the design and
fabrication of micromotors. There are multiple kinds of micromotors being designed
today. While most of these devices are electrostatically driven by side electrodes, as
illustrated by Figure 6-25, there are also a number of other designs being implemented.
However, for the sake of brevity, this discussion will be limited to electrostatically driven
micromotors. The section on reliability will have implications to less conventional
micCromotors.

18K & Lli;

b4 Nicrm Test 10 LSFTAE Sapte 1): MICRD MOTERS

Figure 6-25: Electrostatically driven micromotor. (from [22])
i) Electrostatic Motor Analysis
Electrostatic micromotors utilize variable capacitance in a fashion somewhat
similar to other electrostatic devices previously discussed. The main difference is that
micromotors are typically driven by several different sets of drives, or stators, that are

switched on and off to produce a torque. This torque is a function of the rotation angle of
the drive:[22]

1) = Y L9 (6-52)

Micromotors have a natural operating frequency, which is determined by the
magnitude of torque applied to the motor. For a motor similar to the one depicted above,
this frequency is:
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v, Y _
fﬁﬂ@)=15(ﬁﬁJkHz (6-53)

where V, is the phase voltage applied to the stators. This leads to an equation for the
maximum rotational speed of the motor, ®Wmax:

2401y (6-54)

@, = " rpm

where n is the number of steps per revolution determined by":

1

1.1 (6-55)
nS nr

where n, and n, are the respective numbers of stators and rotors.

n=

These motors can be either used as microstepper motors or can be operated as a
continuously rotating motor. While the actual design and fabrication of these devices
varies depending upon application, most electrostatic motors are governed by the above
physical laws.[22,23]

ii) Harmonic Motors

Harmonic motors are a kind of motor that utilizes the rolling motion of two bodies
with different circumferences. Typically a motor contains a cylindrical hole, with a
slightly smaller cylindrical rotor. These motors have a tribological interest as they utilize
rolling instead of sliding friction, which eliminates many of the wear concerns common to
other motors. Furthermore, since the stators and rotors are designed to touch in these
devices, large amounts of force can be generated.

Using one of the original harmonic motors as an example, there are some basic
facts of motor operation that are fairly common to all harmonic motors. If the stators are
cycled at a frequency of @, then it is possible to determine the steady state frequency of
the harmonic motor, ®;:[87]

R
o, =0 -1
[R, ) (6-56)

where R, and R, are dimensions defined in Figure 6-24.

! This derivation assumes a drive signal described by Y. —C. Tai et al. in [22].
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B,

Figure 6-26: A basic harmonic motor layout. (from [88])

The unsymmetrical nature of the roll causes the rotor to effectively wobble inside
the stator. One reliability concern of wobble motors is that the direct contact of the stator
and rotor raises questions about stiction.

iti)  Microbearing Reliability Concerns

The biggest reliability concern for micromotors is the motor’s connection to the
substrate. Since the rotors must be supported on bearings, there is concern about the long
term reliability of these bearings. It has been shown that, over time, there will be wear
on the bearings caused by the frictional forces from the substrate. The wear on the
bearings will increase the frictional force on the bearing, requiring higher driving
voltages, which will further increase wear. This positive feedback loop will quickly lead
to total device degradation. The only effective method to mitigate wear on bearings is to
select wear- resistant materials.

In most macroscopic devices, liquid lubricants are used to prevent direct metallic
contact. However, in MEMS, it is felt that liquid lubricants will not be in general use due
to the fact that viscous friction forces are large compared to other frictional forces on
micrometer scales.[19] While recent research has raised the possibility of using gas phase
lubricants to reduce wear, these solutions involve extremely high temperature operations
and are unlikely to be practical.[151] Instead, bearings are usually operated dry at
ambient temperature, with direct contact made between structures. There have been
studies conducted on these conditions and it has been found that different materials
respond, as would be expected, in distinct ways to wear.
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Several studies[19,153] indicate that single crystal silicon is moderately well
suited as a bearing material. During initial burn-in, the rough points in a bearing will
fracture off, leaving a smoothed surface that shows little wear over time. As a result, the
wear on silicon decreases with time. Polysilicon shows moderate wear properties and is
a suitable, although not ideal, bearing material. As would be expected, SizN4 and SiO;
exhibit poor bearing characteristics. They show linear wear that leads to total failure.
Diamond-like carbon is a material that has shown promise as a bearing material and may
eventually be used as a coating on many SCS and polysilicon structures that have large
contact stresses. While the exact characteristics of bearing wear are dependent upon the
materials involved and the environment in which they slide, a good rule of thumb is that
wear is minimized by using dissimilar hard materials

Another problem associated with wear on microbearings is that, for
electrostatically driven structures, forces on the device will be a function of the device
height, and thus bearing height. Many devices place rotors above stators in order to have
a non planar component of force to partially levitate the rotor. As the bearings wear, the
electrode distance would decrease, which would cause forces to increase quadratically.
This increases wear and alters drive performance. This behavior accelerates failure and
leads to total device collapse. Ultimately, the contact morphologies of microbearings are
the limiting factor in micromotor performance and, as such, they need to be well
understood for high-rel applications.

iv) Additional Reading

‘Long-Sheng Fan, Yu-Chong Tai, and Richard S. Muller, “IC-Processed Electrostatic
Micromotors.” IEEE International Electronic Devices Meeting, December 1988.

Yu-Chong Tai, Long-Sheng Fan, and Richard S. Muller, “IC-Processed Micromotors:
Design, Technology, and Testing” Proceedings of IEEE Microelectromechanical
Systems, February 1989.

U. Beerschwinger, D. Mathieson, R. L. Reuben, and S. J. Yang. “A study of Wear on
MEMS Contact morphologies” Journal of Micromechanics and Microengineering, 7
September 1994.

S. C. Jacobsen, R. H. Price, J. E. Wood, T. H. Rytting, and M. Rafaelof, “The Wobble
Motor: An Electrostatic, Planetary Armature, Microactuator” Proceedings of IEEE
Microelectromechanical Systems, pp. 17-24, February 1989.
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VII. Magnetic Actuators

Magnetic actuators are a class of devices that, as their name implies, utilize
magnetic fields to provide force. While creating magnetic fields on semiconductor
devices is intrinsically more difficult than creating electric fields, the potential benefits of
magnetic actuators has spurred the development of these devices. Due to the physics of
magnetics, magnetic devices are capable of producing greater forces than electrostatics.
Combined with the ability to apply force through a conductive medium, such as
electrolytic fluids, these factors make magnetic actuators a promising field within
MEMS.[15]

Magnetic Field (#)

Magnetic Material

Torsion Bar

Planar Coul
Insulating
Layer

Figure 6-27: A magnetic actuator designed by Judy et al. (from [15])

There are several common methods employed in MEMS to make magnetic
actuators. A magnetic field can be described from Maxwell’s equations:

4 1\oE

VxB=|Z |1+ | ]
( ; ) (CJ po (6-57a)
V-B=0 (6-57b)

where
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B =magnetic field

¢ = the speed of light
E = electric field

J = current density

These equations show that a magnetic field can be produced either by a constant
current or by a time varying electric field. While there are multiple methods to create one
of these two effects, the simplest way to create an actuating magnetic field is through a
loop of wire, as shown in Figure 6-20. For these actuating fields to create motion, the
actuator requires a structure that is influenced by the magnetic field. The two most
common structures that will be actuated in a magnetic field are those with current loops
on their surfaces and those coated with magnetic films, such as ferromagnetic and
diamagnetic materials. In either case, the interaction of the two magnetic fields creates an
actuating force that then moves the structure.

As with many of the technologies within MEMS, magnetic actuators are being
developed in a myriad of ways by different groups around the world. Since magnetic
actuators have not become as standardized in MEMS as electrostatic actuators, it is
difficult to discuss a typical magnetic actuator. For this discussion, a simple actuator
developed by Judy et al. will be discussed to give an example of the forces at work within
a magnetic device. This device, which is shown in Figure 6-27, uses a ferromagnetic
plate influenced by a loop of wire integrated into the substrate.

|

Easy AXis

Tmm'h Qriginal
Eaxy-Axis
Direction

Relared
" Position

Figure 6-28: Diagram of forces acting on soft magnetic plate. (from [15])
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A. Mechanical and Electrical Analysis

For this non-planar magnetic microactuator, the rotational deflection is a function
of the magnetic field, H, and the stiffness of the torsion bar, ky. Assuming that the
magnetic field remains perpendicular to the original orientation of the plate, the torque
produced by the magnetic field, Tgeq is defined by:

T s = ViagM (H,. + H,, sin(27ft) cos ) (6-58)

where
M = net magnetization vector
Vmag = magnetic volume
Hac, Hae = magnetic field from respective dc and ac sources
f = ac current frequency
¢ = angle plate rotates from rest.

To determine the actual mechanical response of the plate, it is necessary to use the
dynamic torsional model of

Jg+Cip+k, =T, (6-59)
where

. . Jk
C¢ = dampening coefficient = | —

J = polar moment of inertia of the magnetic plate
Q = quality factor

To determine ¢ as a function of time, Equation 6-59 must be solved. This can be
done either analytically or numerically, although the analytic solutions might be difficult
to obtain. In order to do either, M must be defined, which is done below:

_H(xH_ +H),)
NM

M

(6-60)

where
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H. = coercive field of the magnetic material under torque
H, = applied field ~ H*cos(90-¢)

Ny = shape-anisotropy coefficient of the plate

Lo = permeability of free space (4r* 10”° H/m)

The net result of the forces is that the plate will oscillate in the time varying
magnetic field. While these equations give a basic description of the motion of a
ferromagnetic plate in a magnetic field, other magnetic materials will have different
responses to similar fields. Due to the fact that the exact internal effects of magnetic
devices extend beyond the scope of this guideline, an interested reader should examine
the references listed at the end of the section to gain a more detailed description of the
physics of these devices.

B. Reliability Concerns

There are some basic problems with using magnetic forces in MEMS that need to
be understood. An inherent drawback to magnetic devices is that they scale poorly into
the micro domain. In order to scale a device effectively, certain quantities must be held
constant while the physical dimensions of a device shrink. If three basic quantities of
current density, heat flux, and temperature rise are considered to be held constant during
scaling, it becomes apparent that there are serious limitations to micro-magnetic actuators.

If current density is held constant while scaling a device, then a wire with an order
of magnitude drop in the cross sectional area will have an order of magnitude drop in
current. While this results in a constant heat generation per unit volume, it will, for a
wire- generated field operating on a permanent magnet, result in a drop in force of three
orders of magnitude. While this loss can be slightly offset by the fact that smaller systems
are better at conducting heat away, clearly this method of scaling severely limits the
effectiveness of micro-magnetic actuators. If instead the heat flux per unit of surface area
for a wire is constant during scaling, current density scales according to the inverse
square root of the change in heat flux, so that, for an order of magnitude drop in cross
sectional area, there will be an increase in force on the order of 2.5 orders of magnitude.
This scaling is limited by the maximum allowable temperature on a device and is also not
a desirable method to increase force as dimensions decrease. If the system is scaled to
limit the temperature difference, it is possible to have a two order of magnitude increase
in force. However, this comes at the expense of an increase in current density, which
makes the device much less efficient, which may not be acceptable for many applications.
Thus, magnetic devices cannot scale into the micro domain without sacrificing either
force, operating temperature, or efficiency, which is a serious limitation.[55] As a result,
any magnetic actuator design must be verified to insure that it meets the design
requirements without unacceptable temperature dissipation or power losses.
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Another issue to consider in using magnetic actuators aboard spacecraft is the
presence of spurious magnetic fields. Since modern spacecraft employ an array of
electronic devices that create magnetic fields, these devices can be unintentionally
actuated by nearby devices. A good model of the magnetic fields in a spacecraft, which is
usually developed by the systems engineers, will determine the risk level for parasitic
actuation.

C. Additional Reading

R. E. Pelrine, “Room Temperature, Open-Loop Levitation of Microdevices Using
Diamagnetic Materials”, Proceedings of IEEE Microelectromechanical Systems, pp. 34-
37, February 1990.

R. E. Pelrine and 1. Busch-Vishniac “Magnetically Levitated Micromachines”, IEEE
Micro Robots and Teleoperators, November 1987.

J. W. Judy and R. S. Muller, “Magnetic Microactuation of Torsional Polysilicon
Structures,” Sensors and Actuators A, Physical, Vol. A53, Nos. 1-3, pp. 392-397, 1996.

J. W. Judy and R. S. Muller, “Magnetically Actuated, Addressable Microstructures”,
Journal of Microelectromechanical Systems, Vol. 6, No. 3, September 1997.
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VIII. Thermal Actuators

Thermal actuators are a class of devices that utilize heating to produce forces and
deflections. These devices operate through the use of heat transport to rapidly change a
device’s temperature. Since MEMS devices operate on such small scales, it is possible to
create devices with quick response times, as heat transport occurs in scales often
measured in microseconds. While some objections may be raised to the power
dissipation implicit with these devices, they offer a simpler alternative to many
electrostatically and magnetically driven devices.

A. Bimetallic Strips

The most prevalent thermally actuated devices in MEMS are structures
constructed out of layered materials. These thermal actuators utilize the bimetallic effect
found in common household thermometers. There have been a number of arguments
made for the advantages of bimetallic actuators. Since there is a direct coupling between
dissipated power and beam deflection, the actuators can operate at low voltage levels.
Combined with the ability to produce a force that is independent of displacement, thermal
actuators have piqued serious interest and have been developed independently by a
number of researchers.[150]

B. Mechanical Analysis

Figure 6-29: Side view of two metallic strips a and b bending due to temperature stress.
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In these devices, two materials, often Si-SiO, or Si-Si;Ny are sandwiched together.
As the device heats up, the differing changes in length caused by mismatched thermal
expansion coefficient create stresses at the metallurgical junction, which bends the device.
Figure 6-29 illustrates a bimetallic strip made of two cantilevered beams of lengths 1 that
are exposed to a temperature change, AT.

The conversion factor 7, relates a temperature change, AT, with a deflection at the
end of the cantilever, d, by:

d = AT (6-61)

If a uniform heat distribution is assumed with the beams, then the conversion
factor can be approximated for I << r as

12
T 2/AT (6-62)

4

where r is the radius of curvature of the beam:

3 3
) Z(a, +a,) -2t + E‘Ib)‘a‘ + ?bzaz
. 4 Eyb,a, ba, (6-63)
3 (a, ~a,)AT (a, + a,)

where a is the linear coefficient of thermal expansion.

A closer mathematical analysis of this equation will show that it is minimized
when the cantilever beams have identical values of b and a. For these beams, the
deflection is given by: '

a 1+ 12]
r= 5+ (6-64)
3(“1 -Q, )AT ( 4

E,

where y is the ratio —,
2

Since the absolute width of a structure does not influence bending, the smallest
radius of curvature, and thus the greatest deflection, will occur if (o-0p) and 1 are
maximized, while a is minimized. The simplest method to accomplish this comes
through altering 1 and a, as there are only a few materials, and accompanying thermal
expansion coefficients, to choose from in the semiconductor industry.[149]

As this derivation shows, the displacement of the strip is directly related to a
change in temperature. There are several ways to induce temperature changes. One
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common method is to apply an electric current through the beam. The power dissipated
by the current flowing through a resistor will produce a AT. The amount of energy
needed to raise temperature is determined by the heat capacity of the cantilever beams. In
static operation, it is desirable to reduce all the dimensions of the actuator so that there is
less thermal loss. In dynamic operation, as is the case for a high frequency switch, it is
more useful to have larger surface areas with a greater heat exchange and a corollary
increase in switching rate.[52]

C. Shape Memory Alloys

Shape memory alloy, or SMA, actuators are variants upon thermal actuators that
use the shape memory alloy effect, which was first discovered in 1938 by Alden
Greninger and V.G. Mooradian.[56] Materials that experience the SMA effect undergo
reversible phase transformations. Below some critical temperature, the material is in the
martensite phase and will easily deform. Above this temperature, the material changes to
the austenite phase and begins to exert strong forces trying to restore to its original shape.

In the early 1960s, two researchers at the Naval Ordnance Laboratory discovered
that the alloy NiTi can have a phase transition that is a function of alloying content and
varies anywhere from —50 to 166°C. Since this material, nicknamed nitinol, for Nickel
Titanium Naval Ordnance Laboratory, has superior mechanical properties, it is the
material of choice in modern SMA research. While there are a number of applications of
SMA materials, they all share some basic commonalities.[145]

A typical SMA uses a nitinol wire connected to a heater which, as previously
discussed, can easily be a current flowing through a resistor. The materials properties of
nitinol have been investigated and show the expected temperature dependence.

Properties NiTiat 23°C  NiTiat 110"°C

Young’s Modulus 33.4 GPa 34.9 GPa
Linear Strain (at 10N) | 1.6% | 1.56%

Ductile Yield 20-30% 19-30% 7
Tensile strength 1.05 GPa .962-.1.7 GPa
Resistivity 4400Q/cm 4400QY/cm
Linear coefficient of expansion | 1.5x10°°C' | .34x10?°C’

Table 6-3: Properties of nitinol at different temperatures.[S7]

The actual design of shape memory alloys varies wildly with applications. Studies
have shown that nitinol springs can develop stresses in excess of 200 MPa. While these
forces are impressive, SMA are not common MEMS devices and due to concems
discussed in Section C, may not see integration into space environments.
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D. Reliability Issues for Thermal Actuators

One problem with making bimetallic thermal actuators is that they induce large
stresses in the devices. These stresses can cause serious problems for long term
reliability. It is not entirely clear how the interfaces that silicon forms with other
materials will behave under repeated stressing and unstressing. Since these thermal
actuators operate by stresses materials interfaces, there is an increased chance of fracture
at this interface, which can lead to delamination. There is also an issue of long term
thermal fatigue. Some of these devices are heated to above 800 °C and cooled to ambient
temperature within the span of several tens of microseconds,[137] which could cause
significant fatigue. The long term effects of this cycling is an issue that needs to be
addressed in high-rel thermal actuators.

Thermal actuators are also frequency limited. The response of the actuator is
governed by the time it takes for heat to convect and radiate away from a device. If the
quantity 1/f is less than the time it takes a device to dissipate heat, oscillatory behavior
will effectively stop, as illustrated in Figure 6-30. This causes some interesting concerns
for the space environment, as there is no convective heat transfer in a vacaum. Thus the
time required to dissipate heat should be significantly slower than it is in terrestrial
applications.
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Figure 6-30: Mechanical response as a function of frequency for a thermal actuator. (from [117])

The time, t, required for a body to cool can be modeled by summing the sources of
heat energy and equating them to the sinks. For a body radiating heat and having no
convective transfer, this results in the equation:[156]

mci‘f-ilti:a,,gmA(T* 1) (6-63)
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o, = Stefan-Boltzmann constant (5.67x10-8 W/m?2-K*
€m = emissivity of the material

A = the surface area of the material

To = initial temperature

By solving this equation, it is possible to get a limit on the time it takes for a
radiative mass to cool, which indicates the frequency limit of a thermal actuator operating
in the vacuum of space.

Shape memory alloys have problems unique to their structures. Since these alloys
are usually made of ductile materials, they experience wear and fatigue at much faster
rates than brittle materials. While they can withstand stress in the range of a 1 GPa, the
lifetime and reliability of these devices at these stresses is unsuitable for long-term
operation. If high reliability and millions of temperature cycles are desired, then nitinol
should be stretched from its memory state only a few percent and should not exceed a
couple hundred MPa of stress.

Another concern with these devices in space applications is inadvertent heating.
Since most spacecraft experience wide temperature swings from periods of full solar
exposure to eclipse, these devices will either have to have active on-chip thermal control
or be in a well thermally regulated part of the spacecraft. Otherwise there could be
disastrous implications in using thermal actuators in the space environment.

E. Additional Reading

W. Riethmiiller and W Benecke, “Thermally Excited Silicoﬁ Microactuators” IEEE
Transactions on Electron Devices, Vol. 35, No. 6, June 1988.

P. A. Neukomm, H. P. Bornhauser, T. Hochuli, R. Paravicini, and G. Schwarz,
“Characteristics of Thin-wire Shape Memory Actuators” Transducers '89, Proceedings of
the 5" International Conference on Solid-State Sensors and Actuators, Vol. 2, pp. 247-
252, June 1990.
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IX. Piezoelectric Actuators

Piezoelectric materials exhibit motion under an applied electric field. The
piezoelectric effect has been well researched and understood for many years and the
MEMS community has used piezoelectrics to build devices that produce strong forces
with small actuation distances.

A. The Piezoelectric Effect

Piezoelectricity determines the distribution of the electric polarization and
demonstrates how a piezoelectric field reacts to an electric stress by emitting
depolarization waves.[6] This polarization field is linearly related to mechanical strain in
certain types of crystals, such as quartz and GaAs. When the crystal is in equilibrium,
strain is balanced by internal polarization force. However, when equilibrium is offset by
external mechanical stress or by an external electric field, the emitting depolarization field
will create a force to restore internal equilibrium. As a result, an externally produced
electric field will cause a displacement and an externally produced mechanical stress will
create an electric field.

Since the piezoelectric effect couples mechanical and electrical fields effectively,
it has been researched in a multitude of materials. In 1910, Voigt showed that there were
32 classes of crystals that exhibited piezoelectric properties, and he measured coupling
coefficients for these. In MEMS, the most common materials used are crystalline SiO,
(Quartz), ZnO, AIN, and PZT.

Piezaglectric .. . |
i material~_.: .

Figure 6-31: Diagram of a piezoelectric transducer (after [106]). An applied voltage causes the
piezoelectric material to expand, which drives the structure.
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B. Piezoelectric Devices

Piezoelectric devices can be constructed out of a number of different structures. A
common implementation of piezoelectrics is to produce a piezoelectric mass and connect
electrical leads to it, as shown in Figure 6-25. The extension and contraction of the
piezoelectric bar is governed by the equation:

D=e¢,E+ec (6-66a)

T=c.e+ekE (6-660)

where
E = the electric field
D = electric displacement at equilibrium
e = dielectric constént at zero strain
e = is the piezoelectric stress constant
€ = mechanical strain
T =externally applied stress
cg = elastic stiffness at equilibrium

So, clearly, the mechanical displacement in this structure is coupled to the applied
electric field. One limitation of piezoelectric devices is that the actuation distance is
usually small. Since piezoelectric devices operate by inducing a strain in a crystal, it
would be extremely unusual to displace a piezoelectric device more than a few percent of
its total length.

Piezoelectric devices are also commonly used as sensors. Since piezoelectric
materials are electromechanically coupled, these devices can be used in much the same
manner as piezoresistive elements, with strain being converted into a change in current
instead of a change in resistivity.

C. Reliability Issues

Piezoelectric devices operate by inducing stress in a material. As such, they
should be treated as structural devices and be analyzed for stress distributions to prevent
fracture. The difficulty with structural analysis in piezoelectric devices stems from the
fact that piezoelectric materials have unusual crystal structures. Quartz, for example, isa
rhombohedral structure with nine individual elastic constants. For these materials
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Young’s modulus and Poisson’s ratio will exhibit less symmetry than cubic crystals.
While the analyses for these materials is not intractable, it is not as straightforward as it is
for cubic crystals.

Piezoelectric devices also generate a considerable heat. Since these devices are
subjected to mechanical stresses and have significant electrical losses, there is heat
transfer across a device. For a rectangular piezoelectric actuator driven at a frequency f,
there will be a change in temperature, AT, determined by:[116]

__ufv.
kDA (6-67)

where
K(T) = 0,6, + T2 T +T,)+h,
h_= the average convective heat transfer coefficient (6-30 W/m*-K in air)

u = loss of the material per cycle
A = surface area of the piezoelectric actuator

v = effective volume of the piezoelectric actuator (volume of the material not at
equilibrium)

This heat production will stress a material and will also limit the performance of a
device. Piezoelectricity is also, like piezoresistivity, temperature sensitive. As such, the
heat generation must be considered in determining the reliability characteristics of a
piezoelectric device.[116]

D. Additional Reading

J. W. Judy, D. L. Polla, and W. P. Robbins, “Experimental Model and IC-Process Design
of a Nanometer Linear Piezoelectric Stepper Motor” Microstructures, Sensors and
Actuators, DSC-Vol. 19, pp. 11-17, November, 1990.

K. Ikuta, S. Aritomi, T. Kabashima, “Tiny Silent Linear Cybernetic Actuator Driven by
Piezoelectric Device with Electromagnetic Clamp”, IEEE Proceedings Microelectro-
mechanical Systems, pp. 232-237, February 1992.
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Chapter 7: Finite Element Analysis and Applications to
MEMS

J. Newell , K. Man, and B. Stark

The design and development of MEMS is a challenging task, requiring substantial
investment in capital equipment and plant facilities. For such investments to be fruitful,
MEMS engineers must have the capability to fully characterize the inner workings of
these devices, in order to predict temperatures, stresses, dynamic response characteristics,
and possible failure mechanisms. Relatively simple hand calculations can often be
performed for such analyses, particularly when considering planar or beam-type
geometries subject to the influence of temperature, applied force, or pressure loads.
These analyses were presented in the preceding chapter for individual devices. The finite
element method provides a convenient tool for conducting more complex analyses, and
will be discussed in some detail.

In finite element analysis, the structure to be analyzed is discretized into small
elements, each having an associated stiffness matrix. Several finite elements have been
developed to represent common structures, including quadrilateral plates, triangular
plates, solid brick elements, and beam elements. For each such element, the stiffness
matrix is stored mathematically in a lookup table, in the form of fundamental equations.
When problem-specific parameters such as dimensional coordinates, the material elastic
modulus, Poisson’s ratio and density are put in these equations, the local stiffness, as
represented by one element, is uniquely known. When a structure is fully discretized, or
meshed, into many such elements, its global stiffness can be assembled, again in the form
of a matrix, from the combined stiffnesses of all the interacting elements. If a force or set
of forces is subsequently applied to the structure, the static displacement response can
then be calculated by inverting the global stiffness matrix, as follows:

{F} = (k}{x} = {x} = {F}{k}"
(7-1)
where {F} = applied force vector
{k} = stiffness matrix

{x} = displacement vector.

This basic concept can be used in the solution of many problems involving a
variety of applied loading conditions, including externally applied static forces, pressures
and temperatures. Several example cases of such analyses are provided below.
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I Heat Transfer Analysis

Finite element models are often used to study the heat transfer characteristics of a
device, to understand where and how heat is rejected as well as the transient and steady-
state temperature distributions. Figure 7-1 shows such a finite element model of an
advanced hybrid, where unpackaged die are bonded to a chip carrier substrate.

Figure 7-1: Hybrid device with cover removed.

When the device is powered, the die reject a known amount of power. The
temperature increase through the stack of materials from the top of the chip to the bottom
of the package is evaluated, along with the temperature distribution within the various
layers. This identifies any potential limitations due to adhesive or dielectric material
selection.

Another example of a heat transfer analysis is illustrated in Figure 7-2, which
shows a solid model of a substrate-mounted die. In this model, the die is bonded t